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Report of

the President

world, including this country, has come to the end of an era characterized byubiquitous growth. For decades many countries have experienced
exponential growth in population, consumption of energy, and almost every
component of gross national product. But now we are in a period of diminished
growth and of apprehension and doubts. The old familiar patterns and expectations no longer apply. The public is confused and so are the politicians. Unhappily, two years ago President Nixon chose to demolish the existing science
advisory apparatus and substituted one that for more than a year and a half
had little contact with the Presidency. President Ford is now in closer contact
with Dr. Stever, the Science Adviser, but the scientific community has reservations concerning the effectiveness of the present arrangement. It is hoped that
President Ford will find ways of better utilizing the enormous scientific and
technological potentials of this country, for ahead lie many difficult days when
good judgment in complex technical matters will be essential. High on the list
of problems that will plague our people and the government during the coming
decade is energy.
During the past year this nation experienced an energy crisis. But because
the episode was brief and not very severe, we learned little from it. The public
did not come to comprehend fully how important energy is to our existence and
way of life, and we were not sufficiently motivated to take needed actions to meet
the long-range problems.
Today, what basically sets us apart from less fortunate people is the ability
of the average individual to acquire and to use the equivalent of 10 kilowatts of
power. Some of this energy is obviously wasted, but the manner in which it is used
shapes the way we live. An example is the role of energy in the production of food.
Early in this century farming was dependent on the energy provided by horses
and by human toil; about a fourth of the population lived on farms. The horses
required food and attention whether they worked or not. An agriculture based
on horses and backbreaking labor could not feed all of us today, let alone some
The

of the rest of the world. Use of energy in providing the nation's food does not
stop on the farm. At every step along the way — production, processing, transportation, and distribution — energy, usually supplied by hydrocarbons, has a key role.
A further example of the societal dependence on hydrocarbons is their use in
automobiles. Easy nostrums for the problem have been offered, such as mass
transportation and the electric automobile. But the electric vehicle is not practical, and our patterns of housing, shopping centers, and industry, with associated
transportation needs, cannot be served effectively by mass transportation. Those
long lines at the gasoline stations told us something about the role of automobiles.
It is reasonable to hope for a change to smaller, less gasoline consuming vehicles,
but even so, minor adjustments will require many years. There are now about
100 million automobiles in use, and the production rate is about 10 million a year.
Another application of hydrocarbons is in domestic heating. Some 55 percent
of homes use natural gas, and many others, heating oil. In principle, electricity
might be employed, but unless heat pumps were utilized the electrical heating
would be inefficient. Use of heat pumps would entail capital expenditures and
considerable time for the change-over.
Examples could be multiplied. At every turn we see essential roles for hydrocarbons, which furnish some 78 percent of our energy consumption.
Reserves of
8
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hydrocarbons — oil and natural gas — have boon dropping. Unless we are prepared
to forego jet and automobile travel and to go back to the farm and to other
features oi Life in 1900. we must cope with the problem of guaranteeing supplies
of hydrocarbons.
In time our civilization may come to depend on energy in other forms and
from other sources. Ultimately solar energy will play a major role. Nuclear
energy will probably servo to provide a larger fraction of electricity consumed.
It is possible that hydrogen may find expanded applications as an energy source.
But for at least fifteen years our economy and way of life will be crucially dependent on hydrocarbons, especially oil.
Each year we consume about 6 billion barrels, or about 950 million tons of oil.
Our reserves total 3S billion barrels. Currently, domestic production is close to
4 billion barrels a year, and dropping. Growing imports have placed us at the
mercy oi others who can suddenly cut our supplies or place sudden burdens on
the dollar through price increases.
< rovernment response to the changing energy picture has been slow and uncertain. The need to develop additional sources of hydrocarbons has been obvious
for many years. As early as 1958, M. King Hubbert, a distinguished geophysicist,
licted that petroleum production in the forty-eight contiguous states would
p< ak in 1970 and decrease thereafter. By the mid-1960s, it was clear that Hubbert 's prediction was on target. In 1967 I wrote an editorial for Science calling
attention to the need to develop methods of obtaining oil from coal and shale,1
and in 1970 another editorial pointed to our growing vulnerability to petroleum
blackmail.1' In these warnings I was not alone, but the voices were few and not
heard. Even after so revealing an experience as an embargo, the government
has been strangely immobile. Instead of facing the situation squarely, the government has clutched at straws. First, we were told that after the embargo ended,
oil producing and exporting countries would find themselves with a surplus of oil
and they would be forced to lower prices. This proved false. We were also told
that if domestic prices were increased, this incentive would bring out more
petroleum. During the past year, with prices doubled, production has dropped
6 percent. The situation is complex; some oil sells for $5.25 a barrel; other oil
sells at S10 a barrel. Perhaps a little more oil would be forthcoming if all were
priced at $10. Nevertheless, higher prices have not proved to be a quick stimulant.
Nor are such incentives likely to be effective for the long haul in bringing out
more petroleum. The sad fact is that we have discovered and already consumed
most of the producible oil that was created by nature over a period of hundreds
of millions of years. This fact is not fully appreciated.
Part of the ineptitude of government has stemmed from a failure to arrive at
a realistic estimate of undiscovered and potentially recoverable reserves. The
rnment has taken the position that there are vast amounts of oil to be found
and recovered. But Mobil Oil Company has prepared much lower estimates that
seem realistic and that are privately confirmed by other major companies. Mobil
believes that in the contiguous forty-eight states only 13 billion barrels of producible oil remain to be discovered. Mobil estimates that another 14 billion
barrel.- will be found in and recovered from the continental shelf of the Gulf of
Mexico and another 14 billion barrels off the Pacific Coast. There are additional
§ fence, July 7. 1067. p. 11.
Science, September 25, 1970, p. 1267.
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possibilities off the Atlantic Coast, 6 billion barrels, and in the Gulf of Alaska,
14 billion barrels, but the government is not urging development of these potentials at this time because of environmental hazards.
A factor which is not generally appreciated is the long time required to bring
energy facilities into operation. Approximately eight years intervene between
leasing of off-shore acreage and production of oil. We face declining domestic
production for the next three years until Alaskan oil flow-. But even then I
new oil will meet only part of our consumption. Moreover, known Alaskan reserves are sufficient to provide less than two years of our total requirements.
We are coming to the end of a joyride based on petroleum. The time has long
passed when we should have begun to take measures to cope with the situation.
These measures include conservation, substitution, and development of synthetic
fuels.
A quick but unclependable way to lessen demand for hydrocarbons is through
a Presidential appeal to the public. Last November, during the embargo. President Nixon asked for public cooperation and there was an immediate response.
Consumption of energy dropped 6 to 10 percent. However, with the lifting of
the embargo, these economies largely disappeared. Were it not for higher prices
of heating oil, gasoline, and electricity, the old consumption patterns would
have resumed. But even the price mechanism is only moderately effective. An
increase of 20 cents a gallon, or about 60 percent, has resulted in a drop below
last year of about 1 percent in consumption. If it is assumed that demand would
have increased 5 percent in the absence of higher prices, the effect is still only
about 6 percent. To bring about a substantial decrease in consumption would
require much higher prices, for example, a dollar a gallon or more.
A similar phenomenon is seen in the demand for electricity. On average across
the country, prices have increased 55 percent. Consumption is close to that of
last year. Previously, demand had been growing 7 percent a year, so perhaps
the price increase affected demand by that amount. The public's reaction to
electrical rates is of some importance to the oil problem, for much of the electrical
energy of the East Coast is generated from imported residual oil. (This is a thick
fluid that represents the dregs after most of the lighter components of petroleum
have been distilled off). The public will not gladly tolerate much higher prices
for energy. There is little possibility that conservation by the public will have a
major effect on energy consumption.
Prospects for energy savings by industry are better. Industry is profit conscious, and with higher prices energy has become an important factor in the cost
of many products. Major industrial concerns also have the benefit of engineering
competence to help identify means of attaining energy savings. Some of the
major chemical companies have been leaders in achieving such savings.
Substitution of coal for hydrocarbons is another important method of decreasing demand for oil. Again, it is not so feasible for the public to switch, but it
would be practical for industry and the electrical utilities to obtain much of the
heat they use from coal rather than from hydrocarbons.
A particular objective should be to replace residual oil, which accounts for
more than 40 percent of our oil imports. At one time residual oil was considered
to be almost worthless. Large quantities of it were available in Venezuela and
were shipped to the East Coast where it was so cheap that it displaced coal in
electric power plants. When the drive to cut sulfur emissions materialized.
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-■.dual oil had another advantage over coal. Its sulfur content could be reduced
to acceptable limits.
However, during the past year the cost of residual oil has rocketed; it now
commands about ten times its former price and it is no longer cheaper than coal.
In some instances conversion to coal could be accomplished quickly; in others,
pita! costs would be involved. However, in comparison with other ways of decreasing demand for oil, substitution of coal for oil is a very practical and
important method.
In future we are destined to obtain a larger fraction of our energy from coal.
Tin -re are various estimates oi the amount of coal available, and in practice price
and supply interact. However, the United States is blessed with resources of coal
having an energy content ten times or more that of the oil of the Middle East.
The problems oi expanding the use of coal are not really major, but there are
barrier- nevertheless; they are principally environmental and financial. In the
eastern part oi the country the coal has a sulfur content (3 percent) that is
environmentally unacceptable. On burning, too much sulfur dioxide is released.
In the west, for example, Montana and Wyoming, the coal has a low sulfur content (about 0.5 percent). But there the feasible method of extraction is strip
mining, and this has been controversial. Moreover, transportation costs from
the west to the east arc substantial.
The difficulties in the use of coal have been exaggerated. The sulfur problem
can be overcome in some places through use of tall stacks. In others, scrubbing
of sts ck gases to remove sulfur dioxide will be feasible and required.
In at least some parts of the west, the problems attending strip mining have
been overemphasized. In Wyoming, there are very substantial reserves of coal
in beds near the surface. The present vegetation is sparse, and it supports a few
jackrabbits and about one head of cattle per twenty acres. The land can be
disturbed and its contours ultimately restored at a cost that is miniscule in comparison with the value of the coal. The mining operation is carried on with huge
equipment and minimal manpower.
Productivity is in the neighborhood of 250
• - per man per day. Conditions are not nearly so hazardous to life or health
as those in underground mines. In any event, wre must find environmentally and
socially acceptable ways of obtaining the necessary supplies of coal.
Conservation and substitution can lessen the demand for hydrocarbons, but
sures fan only postpone the day when it will be absolutely essential to
in substantia] quantities of synthetics from shale and coal. The need to
lop the necessary processes and to obtain experience on full-scale industrial
plai - certain as anything in this life.
In principle, getting oil from shale is simple. One merely heats the shale to
about 500 C (932 F I and the product distills out. In composition this oil is not
_ eatly different from crude oil. and refining it would not present major problems,
wo major problems arc environmental and financial. In order to obtain an
output of 50,000 barrels of oil a day, it would be necessary to mine about 65,000
'on- of -hah-. That i-. about 33 gallons of oil weighing about 250 pounds is
obtained from a ton of rock. Subsequently, the waste must be disposed of. The
prospective -hale oil developers insist that they can dispose of the residue in an
environmentally acceptable way, but this remains to be seen.
A second problem i- the financial one. Recently, Colony Development Operation announced a suspension of efforts to go ahead on their 50,000 barrel a day
ale oil plant. In part this decision was occasioned by soaring costs and high
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interest rates. About two years ago, cost of the plant was estimated at $4o0
million. Recently the cost had escalated to $800 million. To amortize the investment, the developers would need price guarantees of $12 a barrel for five y<-w-Thereafter, their cost would be $4 a barrel. Middle East, oil costs as little as 10
cents a barrel to produce. It now sells at about $10 there, but it. is obvious that
shale oil producers must have some protection from cutthroat competition.
The production of liquids from coal is an old but a new technology. The
Germans used liquids from coal during World War II. The South Africans have
been producing liquid from coal for three decades. However, technology to obtain
large quantities of liquid at a minimum price is still under development here.
The processes involve the dissolving of finely ground coal in a liquid at. temperatures of about 450°C (842°F) and hydrogenation employing pressures of a
hundred atmospheres or more and a catalyst. Typical bituminous coal has a ratio
of carbon to hydrogen (C/H) of 1/1.1. After this ratio is changed to a C/H of
1/1.3 the coal is converted to a liquid and remains a liquid at ordinary temperatures. At the same time, the sulfur and ash contents are drastically lowered.
The product would not be suitable as fuel for motor cars of present design, nor
could it be readily refined for such use because the hydrogen content is too low.
Nevertheless, the liquid would be valuable for many applications in which it
would substitute for oil.
At present, processes for obtaining liquids from coal have been successful in
the laboratory. At best, scale-up to a major pilot plant will take some years,
and more years must elapse before a commercial-scale plant could be built. In
order to obtain levels of production that would make a real difference to our
energy problems, the building and operating of many commercial-scale plants
would be required.
As one looks at the total energy picture one notes that time is definitely against
us. Our consumption of hydrocarbons goes on day by day and month by month.
Inexorably the supplies draw nearer to exhaustion or at best are severely limited.
But in attempting to meet the problem by taking action to increase supplies, all
sorts of hesitations and delays are encountered. This nation seems to have lost
its ability to move decisively.
There is a wide chasm between public expectations of what government and
industry can do and their actual performance. The public still retains an image
created by the successful Apollo program. It seems to believe that we can have
a perfect environment and also unlimited energy. But in fact environmental
regulations and litigation are causing serious delays in many, even most, efforts
to increase energy supplies. Thus, ten to eleven years elapse between a decision
to build a nuclear plant and its operation. This contrasts with four years in
Japan. Any activity having to do with energy that involves the federal government encounters an enormous series of delays. This is true of efforts to increase
oil supplies by drilling on federally controlled acreage, such as the outer continental shelf. Most of the country's oil shale is in federal lands, and this too is
subject to bureaucratic control. Much of the best coal lands of the west are also
under federal jurisdiction. To exploit these lands it is necessary to pay royalties
to the government, but that is only a part of the problem. Before production can be
started, a comprehensive environmental impact statement must be prepared
and approved. In addition, permits from federal agencies are required at various
steps along the way toward the development of a producing property. Each of
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those permitting stops offers opportunities for further legal objection by environmentalists, and there is much subsequent delay.
We must minimize the environmental impacts of large energy installations,
but we must find a way to accomplish it without paralyzing delays. Proponents
of energy development are required to file environmental impact statements.
Wouldn't it be symmetrical and fair for the environmentalists to be required to
statements setting forth the increased costs o\ and impacts on energy supplies
- ..ting from their activities0
- this decade and probably the next, coping with energy needs will be one
the major problems facing this country and indeed most of the rest of the
This is a problem with deeply intertwined components of science, technology, economics, social sciences, and politics. It is important, but it is only one
of a family oi such problems that the nation will face in future as it attempts
to live with and benefit from the knowledge that science has brought forth and
as it attempts to adjust to circumstances in which growth is the exception rather
than the rule. As we go on. there will be great crises involving such matters as
raw materials, population, and food.
A- th( se crises arise it will be found that a crucial component in meeting them
is to utilize knowledge more effectively. Significant aspects of the knowledge
will be found to have arisen out of scholarship at the Carnegie Institution. Howxcept in time of war. most of the staff of the Institution will not be
immersed in the crisis of the moment. Rather, they will be quietly working at
frontiers of knowledge, laying a basis for the solution of great problems of the
future. Activities of the departments of the Institution followed that pattern
this year.

The year's work has been devoted to such matters as understanding how some
plants can flourish in harsh environments, the formation of chromium ores, the
transmission of seismic waves, the structure of DNA, and the history of the
universe. At a time when this nation spends hundreds of billions of dollars each
year on activities that leave no constructive residue, it is wTell that at least a small
fraction of the nation's efforts should be aimed at the long-range future.

The Year in Review
The decentralized structure of the Carnegie Institution is conducive to many
kinds of staff initiatives. The most important of these is, of course, in the selection
of frontiers for research and education. Of considerable significance, though, are
initiatives which lead to interactions with other individuals both in this country
and around the world. The extent of these may be surprising to some observers.
for at times the fear has been raised that Carnegie staff members would isolate
themselves in their comfortable Ivory Towers.
This year in reading the reports of the various departments, I was struck by
the number of interactions that each facility was reporting. Xo special effort
had been made to compile them, and the listing is probably incomplete.
Nevertheless, the numbers are impressive. The Institution staff includes fiftyseven individuals whose status corresponds to that of assistant professor and
above. This group formed a base that interacted with nearly two hundred fellows,
collaborators, or guest investigators. These represented more than one hundred
institutions in thirty-four states and twenty-four foreign countries. In addition,
there was considerable contact with graduate students and undergraduates.
Some of the contacts were relatively brief, as when guests used facilities, but
many of the relationships were profound and enduring. And all involved some
level of effort by staff and a generosity of time and spirit. The generosity was.
of course, not one-sided. Our staff had the benefit of many extremely stimulating
fellows and collaborators.
Each of the departments of the Institution has evolved within a broad general
framework. All seek to advance knowledge for the benefit of mankind and to
train and foster gifted scholars. But because of the flexibility of the Institution.
each department is able to evolve in directions it considers optimal and to choose
its mode of interacting with students and other components of the intellectual
community. Various factors determine the actual form of these relationships.
Among them are nearness to other establishments, style of conducting research
in the different disciplines, and traditions that have developed and have been
maintained in the various departments.
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Located in the midst oi the Stanford University campus, this department interacts strongly and in a mutually beneficial way with biologists of the university.
The trend is toward more cooperative activity. There has always been some inter■ g Students and professors have used our greenhouses and other facilities.
But in recent years, the interaction has increased.
OUe Bjorkman collaborates with Harold Mooney of Stanford in the operation
a mobile laboratory that is superbly equipped to make field studies of plants
under the diverse and often harsh conditions found in nature. When not in the
Id. the mobile laboratory is docked at the Carnegie establishment where it is
ited in conjunction with special growth chambers that can replicate a wide
range oi natural conditions.
During the past year there has been additional impetus toward forms of collaboration. New construction at the department has provided additional laboratory space which will make it practical to accommodate more students and other
visiting scholars. A seminar building has also been added. The new Director
i ■ Plant Biology. Winslow R. Briggs, was at one time on the staff at Stanford.
He has bnn given a professorial appointment on the staff of the university and
will be a regular voting member of the faculty.
Plant Biology has a long tradition of interacting with colleagues around the
world. C. Stacy French, the retiring Director, molded a world center for research
in photosynthesis which was also a world center for research in physiological
plant ecology. Examination of the list of research fellows and visiting scientists
that have participated in research and training reveals that an impressive number
the major figures in both these fields have spent productive time at the DepartDt of Plant Biology.
With photosynthesis and physiological ecology already effectively and synergistically merged, it is Briggs's intention to build a third field into the existing
structure: plant development. Adaptation to a stressful environment, for example, can only be understood through a study of mechanisms throughout the
istory of a plant. Investigations of factors influencing seed germination on
the one hand and of photosynthesis of mature leaves under environmental stress
on the other can yield only a partial picture. Since light, operating not only
through photosynthesis but through other mechanisms as well, plays a central
in all stages of plant development, and since the present common focus of
interest in the department is plant photobiology, it seems particularly appropriate
to broaden the laboratory into fundamental research in the photobiology of
development.
During the past year there were other kinds of interaction besides those involving Stanford faculty and students. Jeanette S. Brown of Plant Biology spent
alternate weeks at the University of California, Los Angeles, where she worked
with J. Philip Thornber who has devised procedures for extracting the detergentsoluble chlorophyll fomplexes either from leaves or from algae. He has characterized two of these complexes as either light-harvesting or reaction-center
chlorophyll-protein. Brown has been using Thornber's techniques to prepare such
complexes for measurement and spectral analysis at the Stanford laboratory.
Another type of interaction is that which occurs when energetic, talented postdoctoral fellows come to the laboratory. The department enjoyed a long series
of fortunate choices in fellows, but rarely has there been one who interacted so
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well with so many people as John Troughton of New Zealand this last year. He
engaged in collaboration with nearly everyone at the department and with others
at Stanford. Notable was a joint effort with David C. Fork in studying the two
light reactions of photosynthesis. These remove electrons from water and raise
them energetically against the thermodynamic gradient to a level such that
sufficient energy is available to reduce C()2 to the level of carbohydrate. The
two collaborators have been studying the influence of light condition- on the
efficiency of these two reactions.
The highest rate for one of the reactions occurs in dark-adapted plants. Exposure of such a plant to bright light decreases the efficiency of this reaction by
50 to 80 percent, while increasing that of the other step by about 60 percent.
These efficiency changes were found to be rapid (occurring within several minutes I
and were reversible. They were seen in a number of different plant species. This
kind of study should lead to a much better understanding of how plant- can
organize their photosynthetic apparatus to maximize utilization of various qualities and quantities of light available in the environment.
Fork, Tetsuo Hiyama. a postdoctoral fellow, and Glenn Ford, a technician at
the department, have almost completed a spectrophotometry apparatus that will
enable them to measure more rapid spectral changes than were previously possible.
as well as to extract very small signals from instrument noise. This system is
being interfaced with a computer to handle the large volume of data that necessarily arises and to eliminate any potential human bias. At present, the system
has been applied to three major problems: (1) further characterization of P430,
a new light-induced absorption change discovered by Hiyama that is apparently
produced by the primary electron acceptor of system 1 of photosynthesis ; 12 ) a
study of the interaction of P700, plastocyanin, and cytochromes in photosynthetic
electron transport; and (3) a study of very small subcellular particles isolated
from a blue-green alga. This latter study, a collaboration between D. I. Arnon
of the University of California, Berkeley, with Fork and Hiyama, could be of
great value, since Arnon has shown that these particles have all of the photosynthetic reactions intact and can oxidize water and reduce pyridine nucleotide.
Bjorkman, Malcolm A. Nobs, and Joseph A. Berry, with Bruce Mahall, a postdoctoral fellow, are studying the physiological mechanisms which underlie the
ability of certain plants to grow in extreme environments and are attempting to
determine the genetic basis for these adaptations. Transplant gardens have recently been established on the hot and arid floor of Death Valley and on the cool
Northern California coast. These gardens, together with new controlled growth
facilities, provide a wide range of possibilities for studying processes such as
photosynthesis and plant productivity under a wide range of contrasting environments. The computer-based mobile laboratory can serve all three facilities.
A plant currently under investigation is Tidestromia oblongifolia. A native of
Death Valley, this plant reaches maximum rates of growth and photosynthesis at
temperatures in excess of 45°C, and doubles its dry matter content in only two
and a half days. By contrast, this plant is unable to grow at temperatures below
20°C.
Further laboratory studies include comparative investigations of the component
reactions of photosynthesis and of the particular biochemical pathways used to
fix carbon dioxide, and the temperature stability of certain key enzymes and
other cellular components. The inheritance of the four-carbon pathway for carbon
fixation in photosynthesis, of great importance for productivity in hot and arid
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environments, is also being studied in hybrids obtained by crossing plants that
ss ss lis pathway with those that lack it.
There is yet another pathway for carbon dioxide fixation, so-called Crassulaarj Acid Metabolism, long known to occur in succulent plants such as cacti.
Studies by Bjorkman and Barry Osmond, postdoctoral fellow from the Australian
National University, suggest that this pathway has features in common with
th the three-carbon and the four-carbon pathway found in photosynthesis.
Stu - one by Berry and Troughton, together with Mooney of Stanford University, suggest that this pathway may be a component enabling plants which
— — it to endure long periods of drought.
Briggs spent the year with Professor Rainer Hertel, University of Freiburg,
I i< rmany, studying the problem of the photoreceptor responsible for a large
number oi photomorphogenic responses to blue and long-wavelength ultraviolet
light in higher plants and in fungi. Together with A. Jesaitis and P. Reau,
stdoctoral and predoctoral students, respectively, with Hertel, he has been
examining several yellow membrane fractions isolated from dark-grown corn
seedlings. Though the evidence is not yet definitive, it seems likely that the
photoreceptor pigment is a flavoprotein, and may be located in the outer or
plasma membrane of the corn cells.
Till; HALE

OBSERVATORIES

During the past year interaction of the staff of the Hale Observatories with
other astronomers took on forms that are qualitatively similar to those at the
irtment of Plant Biology and other departments of the Institution but are
quantitatively different. To a considerable degree, the Hale Observatories have
characteristics of a national astronomical facility.
The Hale Observatories, with twenty staff members, three staff associates, and
twelv
si arch fellows, were active on a broad front in astronomical and astrophysical research. They provided opportunities for a number of student observers
in Caltech and accommodated sixty guest investigators from forty-nine other
institutions.
The principal observing facilities, all of which were in use throughout the year,
include at Palomar Mountain the 5-meter (200-inch) Hale telescope, the 1.5• Ritchey-Chretien telescope, the 1.2-meter wide-angle Schmidt telescope,
and th< t6-cm Schmidt; at Mount Wilson, the 2.5-meter Hooker telescope, the
l.5-met( r telescope, and the 46-meter (focal length) solar tower telescope; and at
Big B< ' . a cluster of three equatorially mounted solar telescopes.
The Institution has taken initiative in constructing new facilities in the southisphere at Las Campanas, Chile, where a 1.0-meter (40-inch) telescope
is in operation and the 2.5-meter (101-inch) Irenee du Pont telescope is being
constructed. With this group of instruments, the Hale Observatories has some
he b< st equipment in the world and use of its facilities is eagerly sought. The
prime target, of course, is the great 200-inch telescope, but all the instruments
have heavy schedules. For example, the 100-inch Hooker telescope on Mount
Wilson is operated throughout the year except for two nights at Christmastime.
About 20 percent of the time available on the 200-inch telescope has been alloted to guests and a much larger percentage of the time on other telescopes is
ailable to them. Student- and research fellows are particularly active in using
the facilities on Mount Wilson.
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To answer some questions, such as the rate of expansion of the universe, extensive programs of observation conducted over many years are required, involving
comparatively large amounts of telescope time. To such studies, Allan Sandage
has devoted ten years of intense effort in which he spent perhaps more nights
observing than any other astronomer using major facilities. However, as with
other astronomers, most of Sandage's time is spent away from the telescope in
measuring and analyzing the data collected there. Some astronomers, including
many of our guests, obtain sufficient data in a few nights to keep them occupied
for the rest of a year.
There is large variation in the degree to which guests interact constructively
with the staff of the Hale Observatories. In a few instances, the guest brings
with him specially designed equipment and uses it jointly writh member- of the
staff. This was true last year when Professor A. Boksenberg of University College, London, brought a photon-counting video system that permitted high resolution spectral studies of distant quasars. These studies were done in collaboration
with Wallace Sargent. At a time when much of the frontier studies in astronomy
is dependent on new, ingenious, and costly electronic equipment, such a type of
collaboration is especially desirable.
Sometimes the interaction is intense and stimulating, with a collaboration
lasting over several years. In other instances, guests spend some time in Pasadena
where they interact with members of staff in a mutually beneficial way. In many
cases, though, the interaction is minimal. The guest arrives, proceeds to the
observatory, makes observations, and departs. Astronomy and human knowledge
benefit. The Hale Observatories incur costs. Some are out-of-pocket — transportation to the observatory, meals, and consumable supplies such as photographic
plates. Others involve staff time — guests often require attention — and it is staff
wrho must see to it that astronomical facilities are properly maintained. A major
item that is usually forgotten is capital costs. These include both the original
investment in facilities and the costs of new auxiliary equipment. The latter
item is today a major financial burden for observatories, with the advent of
evermore complex electronic photon-sensing and counting devices. Taking into
account all these various costs is difficult and assignment of a charge against either
the original costs of the observatories or their present replacement value would
necessarily be arbitrary. However, if a realistic entrepreneur were fixing the price,
the cost of a night at the 200-inch telescope would probably be in excess of
$10,000, and the total annual charges to guests would be greater than a million
dollars. Such figures would not be out of line with the costs that the federal
government incurs with its facilities operated by the Association of Universities
for Research in Astronomy.
Horace W. Babcock, Director of the Hale Observatories, has outlined some of
the questions now being addressed by astronomers. These include: How long has
the expansion of the universe been going on? Is the expansion turbulent and
irregular, or is it smooth and isotropic? Is the density of the universe sufficient
to halt expansion, given enough time? Were quasi-stellar objects much more
numerous when the universe was young? Do QSOs characteristically occur in the
nuclei of galaxies? WThat is the history of chemical elements in the universe?
Is a great deal of the material in the universe in a dark or invisible form?
What causes the spiral structure of galaxies? Can we trace the complete evolutionary history of most stars, and what is the history of star formation in galaxies'?
Howr are celestial x rays produced, and what is the observational evidence for
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black holes? What causes the segregation of particular chemical elements in
patches on the surface of magnetic stars0 Is the interior of the sun really spinning
far faster than the surface0 How was the solar system formed, and how general
is the phenomenon0
Tlie professional staff oi Hale Observatories is a remarkable group. In spite of
the burdens associated with constructing, improving, and operating great facilities it continues to make distinguished contributions to astronomy.
Highlights
some recent results from the Hale Observatories follow.
The rate of expansion oi the universe is specified by the Hubble constant, H{).
\
rding to the latest results of Allan R. Sandage and Gustav Tammann, of
Base] Observatory,
Switzerland, it is close to 55 kilometers per second per
megaparsec.
This is the result of a major long-range program which has been
rried on for the past ten years and which has recently been prepared for publition in a series oi six papers. The revised value, which is one-tenth as great
- 'hat derived by Edwin P. Hubble some forty years ago, has come about through
improvements in the distance scale and through careful and systematic calibration
of the necessary sequence of steps. Sandage and Tammann also examined the
Hubble ratio for individual nearby galaxies whose distances had been determined
from H II regions, and they found that all the nearby galaxies closer than 20 Mpc
also showed virtually the same Hubble constant with a mean value of 57 ± 3
km s"1 Mpc"1. The agreement of these three values and the lack of systematic
variation of //,, with supergalactic longitude have led Sandage and Tammann to
conclude that the velocity field of nearby galaxies is, as nearly as they can
measure it. regular, linear, and isotropic.
h mes E. Gunn and J. R. Gott III, together with D. N. Schramm and B. V.
Tin-ley. both of the University of Texas, have assembled available evidence
bearing on the question of the mean density of the universe, paying closest
attention to the "local evidence," mostly chemical and dynamical. They find
that all such evidence points to a universe in which the density is about 5 percent
of critical. The primary lines of evidence are the dynamics of small groups of
galaxies and of the local group, both of which point to the above value; the
dynamic- of the local supercluster, which gives an upper limit to the density in
above neighborhood; the abundances of helium and deuterium (and now,
perhaps, lithium), which, if primordial, give the above value; and ages both of
old star- and of the r-elements which give numbers consistent with low densities.
Wallace L. W. Sargent collaborated writh Professor A. Boksenberg of University
Coll< ge, London, in making observations at the coude spectrograph of the Hale
- ope with a photon-counting video system that had been built at University
College. The instrument consists of a high-gain four-stage electrostatically
focused image tub'- followed by a commercial video camera tube. The location of
h photon event on the image tube phosphor is stored in a computer; these
events are electronically preprocessed in order to remove ion spots and to determine the centroid of the genuine event. Sky subtraction is done by the computer,
and the spectrum is displayed as a graph on an oscilloscope as the counts are
accumulated.
Sargent and Boksenberg observed the seventeenth magnitude quasi-stellar object
PKS 0237-23, which has an emission-line redshift of z = 2.22 and a rich absorption-line spectrum. The number of absorption lines identified was 72 as compared
to 28 found on the older conventional spectrograms of the same wavelength region.
The lines are very sharp, having widths corresponding to velocities of less than
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30 km s"1. Several new redshift systems were; resolved. These new observations
of PKS 0237-23 not only demonstrate the power of this photon-counting photometer, but they raise a number of puzzling questions that heighten general
interest in the interpretation of QSO spectra.
In an attempt to develop a method of determining the age distribution of Marin a stellar population, Leonard T. Searle completed at Las Campanas a program
of five-color photometry of open clusters in the Magellanic Clouds. This photometry yields, for each cluster, three photometric parameters that are independent
of interstellar reddening. Only two of these proved to be mutually independent
and, taken together, they uniquely determine the age of the cluster. Searle and
William G. Bagnuolo, a graduate student, have obtained an age calibration of
the cluster colors from computations of the colors of synthetic stellar populations,
which, in turn, are based on theoretical evolutionary tracks of individual stars.
Searle has applied the age-color calibration to the interpretation of the measured color distribution in the Magellanic Clouds. The star formation histories
appear to be quite different in the two Clouds. In the Large Cloud, the present
rate of star formation in the Bar, taken as a whole, is found to be an order of
magnitude smaller than the average rate in the past, although there are large
variations from region to region. The color distribution in the main body of the
Small Cloud is much more nearly uniform and leads to the surprising result that
in it the present rate of star formation exceeds the average rate in the past.
THE

DEPARTMENT

OF TERRESTRIAL

MAGNETISM

The pattern of activities at the Department of Terrestrial Magnetism is somewhat different from those at departments closely tied to a particular university
campus. As with the other departments, there is an educational program in which
predoctoral and postdoctoral fellows receive training. However, events, personalities, and the structures of its chosen fields of study have shaped the activities
of the organization. At one time, the major program was a study of the earth's
magnetic field, and the good ship Carnegie, constructed of the finest of woods
and nonmagnetic metal, sailed the seven seas, charting the magnetic fields of the
oceans. But the ship came to an untimely end, being destroyed by an explosion
in 1929, and thereafter emphasis shifted to other areas of geophysical inquiry.
About that time, in the early 1930s, Merle A. Tuve began to influence strongly
the character of the place and its activities, pushing it into ionospheric and nuclear
research. As Director during the years 1946 to 1967, he expanded the scope of
activities so that he presided over such diverse activities as biophysics, nuclear
physics, geophysics, image tubes for astronomy, and optical and radio astronomy.
The early work on terrestrial magnetism and the tradition of activity in geophysics also influenced the outlook and style of the department. In geophysics,
the whole earth is the laboratory and it is necessary to study its properties in
many distant places, collaborating with scientists of other lands. International
collaboration has characterized all the activities of the department — including
biophysics, nuclear physics, and radio astronomy; but it is particularly evident
in the geophysical studies. Recently such research has focused on inhomogeneities
in the interior of the earth.
The earth's structure can be studied advantageously through analysis of seismic
waves artificially generated by explosives. A particular target for such efforts is
the Andes Mountains, one of the world's most striking features.
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s 5] msored or participated in a number of explorations aimed at probing the
the Andes. A recent major effort was Project Naririo which was designed
' study the mountains oi the region oi southwest Colombia and northern Ecuador
where the Andes diverge into three branches. Participating in the project were
sixty scientists, students, and technicians from five countries, including staff from
institutions oi the United States. In this effort, L. Thomas Aldrich had a
lea
le.
Stanley

K. Hart was co-chief scientist on leg 34 of voyages of the Glomar
'>•. the deep-sea drilling ship. The crew included eight other scientists
from eight institutions in tour countries. The objective of leg 34 was to make,
first time, a significant penetration of the oceanic crust west of South
America, (hie aspect oi the drilling was to delve into scientific and technological
aspects of drilling in basement rocks. Another objective was to investigate the
lliferous sediments of the Nazca Plate. Sediments enriched in metalliferous
nponents were found to be very common at three sites spaced across the Nazca
PlatI ' special interest was the common occurrence of copper-bearing sediments
■ccntrations in the range of 0.1 percent. The finding is perhaps to be
ted to the great copper deposits of the Andes.
Studies of seismic waves associated with earthquakes can illuminate many
>'t> of the structure of the1 earth's interior, including even the core. Some of
ssary data is obtained from records provided by the worldwide Vela
Uniform program.
However, I. Selwyn Sacks has found it advantageous to supplement this network with his own specially designed broad spectra seismometers.
Stations for these are located in Japan, Iceland, New Guinea, Peru, and at the
lartment in Wa>hington, D.C.
Many of Sacks's studies and also those of other geophysicists have been enriched and focused by the theory that the earth's crust is made up of a limited
number of tectonic plates. When these plates move or collide, great geophysical
events occiii'. including earthquakes, mountain building, and the generation of
ssive amounts of lava. Of particular interest to Sacks and others are events
_ when one plate is forced to descend beneath another.
- vations and analyses of the waves radiated by earthquakes yield the
st direct and detailed information about the internal structure of the earth.
Dim
arthquakes radiate with different characteristics.
Alan T. Linde and
.1. Arthur Snoke, a postdoctoral fellow, are studying this theoretically and observationally in an attempt to interpret such differences in terms of the physical
properties of the source regions. In a study of properties at the base of the
mantle. Sacks and Liselotte Beach, research assistant at the department, have
ninated effect- due to source differences and lateral variations in the velocity
structure of the crust and upper mantle. They have taken amplitude ratios of
wo signals which leave the source along almost coincident paths and arrive at
recording station at essentially the same angle; through the base of the
mantle, however, these paths are very different. One ray (PKPDF) travels at
almost normal incidence to the core-mantle interface while the other (PKPAB)
strike- this interface at almost grazing incidence and thus is much more sensitive
he velocity structure ,in the lowermost 200 km of the mantle.
Amplitude
ratio- from a large number of earthquakes recorded at many stations may be
explained by the assumption of lateral variations of about 0.5 percent in the
p-wave velocity ?it the base of the mantle. Further, this deep structure is corre; with gravity field variations due to near-surface effects. Their data lead
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Sacks and Beach to suggest the existence of whole-mantle convection, a possibility which has generally been ignored because,' of the existence of phase transition
discontinuities at depths of 400 km and 600 km. Support for this suggestion would
reopen consideration of a range of possible driving mechanisms for continental
drift.
In two independent studies of seismic signals, Hiromu Okada, a predocto
fellow who has recently returned to Hokkaido University, Snoke, and Sacks have
been able to detect and map the upper surface of the descending lithospheric -lab
beneath South America. Okada studied shear waves which, after a near-normal
reflection at the core-mantle interface, convert to compressional waves at the
discontinuity between the upper surface of the lithospheric slab and the overlying
mantle. Snoke, Sacks, and Okada investigated a shear arrival containing higher
frequencies than, and arriving later than, the direct S wave; the data are satisfied
by postulating that this arrival travels a path which includes a reflection at the
same interface. In regions where the seismicity is confined to a well-defined
surface, it has been assumed that this surface maps the upper boundary of the
dipping slab. These two studies verify this but also allow mapping of the interface even when the seismicity is not so confined. In addition, these studies support
a previous indication, from anelastic absorption work by Sacks, that under South
America the descending lithospheric slab is not continuous down to the deep
focus (600 km) earthquakes.
In the astronomy section of the department, interest remains centered on the
development and use of improved observational equipment. W. Kent Ford. Jr..
has spent the year as a visiting scientist at the Kitt Peak National Observatory
with a joint Carnegie-KPNO appointment. At the observatory, he has adapted
the improved version of the "Carnegie" image tube for spectroscopy and direct
photography for use on four telescopes, ranging from the 36-inch to the new
Mayall 4-meter (158-inch) telescope. The Carnegie tube attached to the Kitt
Peak spectrograph is an especially valuable combination, reliable and simple to
operate, and has become a major instrument for visitor use both at Kitt Peak
Observatory and at the U. S. National Southern Observatory in Cerro Tololo.
Chile.
In an effort to obtain more information about Sc I galaxies that are at a distance of 100 Mpc (about 300 million light years), Vera C. Rubin and Norbert
Thonnard, joined by M. Roberts of the National Radio Astronomy Observatory,
have observed at 21 cm some of these galaxies that can be reached by the 300-foot
radio telescope. In contrast to the optical observations which record only a
fraction of the ionized hydrogen of the galaxy, the radio observations record
the total mass of neutral hydrogen in the galaxy. Thus, the 21-cm observations
add valuable additional parameters for the statistical analysis.
Supernova remnants (SNR) provide an excellent tool for probing the interstellar medium. Clearly, the expansion of the gaseous remnant is dependent on
the density and structure of the interstellar medium through which it expands.
Where traditionally radio observations of SNRs have dealt with the polarization
and structure of the emission, the current 21-cm observations of George E.
Assousa, B. Balick of the National Radio Astronomy Observatory, and J. W. Erkes
of the State University of New York, Albany, examined the interactions between
the remnant and the neutral hydrogen it accretes. They are observing evidence
for fragmentary shells of neutral hydrogen extending beyond the conventional
"edge" of the remnant. These results have led to a re-examination of the origin
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oi the magnetic fields, one ingredient in the characteristic synchrotron radiation,
the identifying signature of the SNR.
Dean B. Cowie and his collaborators at the Institut Pasteur have further
demonstrated the usefulness oi immunoadsorbents for the detection and charrization oi a number oi conformational states of an allosteric enzyme,
A.KI-HSDI. These antibody-antigen studies showed that the binding capacity
of the enzyme to the antibody can be altered by the presence of ligands such as
threonine, aspartate, and homoserine dehydrogenase substrate. The homoserine
activity and threonine sensitivity of the antibody-bound enzyme have been
measured. Significantly, the passage of homoserine dehydrogenase substrate
through an immunoadsorbent column containing AKI-HSDI induces the dissociation oi the tetrameric form of this enzyme, presumably into dimers and
monomi
THE

GEOPHYSICAL

LABORATORY

The principal goal of the laboratory is to understand the physicochemical
sses that determine the composition of the earth. The earth began as a
heterogeneous agglomeration of materials and has undergone a complex series of
chemical processes. These processes in some places have led to concentrations of
rare elements to form valuable mineral deposits. In other instances, unusual
minerals of the more common elements have been produced. The products are a
function of composition, temperature, pressure, and, in some instances, time.
Because of its complexity and because its treasures are among mankind's
test assets, the earth is and will remain a challenging object for study.
Nevertheless, even the most significant area of study would be eventually worked
out were not new opportunities created. An important element in the continuing
vitality of research at the Geophysical Laboratory over the years has been the
introduction of a series of new experimental tools, including high pressure equipment and the electron microprobe. Because it has been able to grasp the opportunities inherent in new equipment and new approaches, the Geophysical
Laboratory has enjoyed worldwide recognition.
The late William W. Rubey in a chapter in a book appearing during this past
year described the contributions of the Geophysical Laboratory as the most
important that he had witnessed in fifty years of association with earth science.
This department interacts vigorously with scientists of other institutions and
with students and fellows. Since it is not located on a university campus, its
interaction with students is not so automatic as that of some of the other departments. Nevertheless, there is substantial educational activity; over the years
many students have completed their Ph.D. thesis research at the laboratory
and scores of postdoctoral fellows from many states and foreign countries have
received training there. These activities continue. During the past year, four
predoctoral and nine postdoctoral fellows were in residence. In addition, the
Director, Ratten S. Yoder, Jr., has attracted many guest investigators and particularly has increased the number of visiting professors taking their sabbatical
leaves at the laboratory. While the staff engage in some outside activities,
including field work, advisory committees, and visiting lectureships, most of their
intense intellectual interactions with others occur at the laboratory.
The staff, fellows, and some twenty visitors and cooperating scientists produced
almost a hundred contributions, and yet these investigations were focused on a
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relatively few major problems. One focus of interest was chromium, one of the
elements in critical short supply in the United States. As a result of a symposium
sponsored by the Institution, the chromium-bearing spinel, the chief ore mineral.
became a target of research. Some of the results of the research will appear in a
symposium volume, but the main dividend of this program was the model it
provided for research on other elements in short supply. The cooperative efforts
of scientists in one or many laboratories can easily be focused when the desire
for knowledge is strong enough and each participant feels he is making a significant contribution. The search for chromium in the future will be aided by
the principles provided especially by T. Neil Irvine, who produced a comprehensive analysis of the conditions under which chromite is concentrated in layered
intrusions.
Efforts of the staff were also focused in a study of the effect of C02 on silicate
liquids. These studies grew out of the discovery by David H. Eggler last year
that a large amount (4 to 9 wt percent) of C02 is dissolved in silicate melts at
high pressures. Projects sprouted overnight when the extent of solubility of CO.,
in silicate liquids was appreciated. The techniques of a biogeochemist, nuclear
physicist, stable isotope geochemist, and aqueous-solution geochemist were integrated into the physicochemical studies of the penologists. A major result was
the acquisition of quantitative evidence that C02 has a significant role in the
generation of the less silica-rich magma compositions by partial melting of
peridotite.
Kimberlite pipes (the source of diamonds) provide a conduit into the mantle
150 km or more beneath the surface. Francis R. Boyd, Jr., has been applying
his physicochemical knowledge of the behavior of minerals at high pressure to
fix the conditions prevalent at such depths. Data for a suite of xenoliths from
the Frank Smith kimberlite pipe, South Africa, obtained by Boyd, show that
the principal elements of the mantle model developed for northern Lesotho can
be extended to a locality 400 km west of the northern Lesotho kimberlite province.
The Frank Smith xenolith suite resembles that found in Lesotho in that it contains sheared lherzolites believed to have come from the asthenosphere, originating
at depths greater than 150 km. This suite also contains granular lherzolites and
pyroxenites believed to have come from the lithosphere in a depth range shallower
than 150 km. A distinctive group of megacrysts appears to have crystallized in
the same depth range as the sheared lherzolites, as was found for northern
Lesotho. A geotherm similar to that obtained for northern Lesotho can be drawn
for the Frank Smith xenoliths.
David H. Eggler and M. E. McCallum (of Colorado State University) have
found many nodules in kimberlite pipes in the Colorado-Wyoming Front Range.
The collection now includes eclogite, lherzolite, a variety of megacrysts. granulites, and a new group of garnet websterites and clinopyroxenites. They have used
the methods of Boyd to estimate equilibration temperatures and pressures for
many of the nodules and have derived a model for the crust and mantle to a
depth of about 200 km. The picture developed from nodules should be an interesting supplement to geophysical and geologic models of the Rocky Mountains.
Douglas Rumble III developed a method for verifying the existence and estimating the magnitudes of gradients in chemical potential of volatile components
between adjacent mineral assemblages in metamorphic rocks. He has derived
mathematical expressions giving the variation of chemical potential with changes
in mineral composition in specific mineral assemblages. Account is taken of all
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chemical components in a given assemblage detect able with the electron microprobe. Complete independence from graphical methods of analysis, which usually
require undesirable simplification of the chemical system, is attained. Only the
most general assumptions are made in the equations of state of minerals composing the assemblage.
The hypothetical fluid phase present during the metamorphism can be tested by adding the appropriate aqueous species to the
equations for heterogeneous equilibrium between the species and the various
components of the solid phases.
Rumble applied his method to the Clough
quartzite. Black Mountain. New Hampshire, for which graphical analysis had
ated the attainment
oi local chemical
equilibrium
and the existence of
gradients in the chemical potential of HL»0 and O2 between adjacent mineral
— mblages. The mathematical analysis confirmed the existence of the gradients
and provided an estimate of their magnitude, taking into account the minor
mponents neglected in the graphical analysis.
A most significant advance has been made in obtaining unique assignment of
absorption bands in optical spectra. The intensity of crystal-field spectra changes
with pressure as the crystal parameters adjust to reduction in volume. Energy
levels of each ion change uniquely, and these changes with pressure can be
estimated from quantum theory. The rate of change of the absorption band
with pressure can thereby be identified with predicted changes in specific energy
levels in the crystal. This method, developed by Peter M. Bell and Ho-Kwang
Mao, is probably one of the few successful experiments in relating quantum
theory to observed effects in minerals.
Ma* 1 and Bell measured the optical spectra of a titanium-rich fassaitic pyroxene
from the Allende meteorite to determine the oxidation state of titanium. By
studying the spectra up to 300 kbar it was possible to detect the crystal-field
splitting of Ti3+ in octahedral symmetry. Identification of Ti3+ in pyroxene
from the Allende meteorite is one of the few reported occurrences of Ti:{+ in
nature. On the basis of experiments on titanium-bearing glasses in a controlled
atmosphere, Mao and Bell suggest that the complex chemical history of the
Allende meteorite was characterized by extremely low oxidation conditions.
Reduced states of titanium such as Ti8+ were also identified in the study of
lunar basalt- by Bell and Mao and R. W. Weeks of Oak Ridge National LaboraB< cause this reduced state of titanium would strongly influence the path
1 Iting and crystallization of magmas from the lunar interior, it is important
to detect Tr analytically in order to assess its role. Two techniques, electron
agnetic resonance and the crystal-field technique, were brought to bear
1 this problem.
The techniques are independent and require only small grains
linimum grain size 30 fim in diameter).
As a result of the confirmation obi. the crystal-field spectra are being employed in the interpretation of
sed telescope spectra of the moon and planets.
may be an important element in the earth's deep mantle near the
core boundary, Mao and Bell explored the effect of high pressures up to 300 kbar
on the electronic behavior of Fov in goethite and lepidocrocite. The results were
to calculate the electronic state of Fe3H to 1.3 Mbar. It is evident that Fe;u
-• be considered as a possible valence- state of iron even in the deep mantle
and thai ferric, ferrous, and metallic iron could coexist there.
Methods for dating rocks are in the midst of revolution, and great advances
aalytical precision have been made.
Zircons undergo alteration, but the
discordant age- appear to be amenable to reconciliation. Application of the new
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analytical techniques offers new insights into isotopic studies of polymetamorphic
regions, especially in the Precambrian.
Examination of the polished surface of many discordant Precambrian zircons
after etching in HF vapor for a few seconds reveals zones of botryoidal alteration
along late fractures and along the outer margins. Microprobe examination she
no major chemical changes, although the decrease in Si and Zr is suggestive of
hydration. Thomas E. Krogh and Gordon L. Davis find that this alteration,
which may proceed at various rates, depending upon temperature, chemical
environment, and the extent of radiation damage, is a major factor contributing
to the discordance of the U-Pb systems of zircon. Tests show that alteration
zones can be removed by HF treatment and concordant ages achieved.
Zircons with concordant U-Pb systems have been obtained from three phases
of the Sudbury norite by careful selection of grains without botryoidal alteration.
A precise age of 1844 ± 2 m.y. has been determined for the three norite phases.
The three phases appear to have been emplaced in quick succession, a result
which tends to support the idea that the "intrusion" was triggered by meteorite
impact.
A new technique for discovering the source of organic matter in sediments has
been developed by John I. Hedges, a predoctoral fellow. Lignin compounds are
organic polymers that occur in vascular land plants but are not found in marine
organisms. With the results of an improved method for the analysis of lignin
compounds in plants and sediments and carbon isotope measurements. Hedges
has determined the contribution of land-derived organic matter in Recent sediments from the Gulf of Mexico. Up to 50 percent of the organic matter in
sediments forming near the mouths of large rivers may be of terrestrial origin.
The content of land-derived material, however, drops rapidly with increasing
distance from shore. Flowering plants were found to make a significant contribution to the organic matter in these sediments.
THE

DEPARTMENT

OF EMBRYOLOGY

At the various departments of the Institution, the style of operation reflects
the influence of a number of factors. These include the changing opportunities
presented by the evolution of the frontiers of science, the tastes and leadership
of directors and staff, and interactions with other components of the intellectual
community.
Because of inherent flexibilities, each department can and does evolve to meet
new realities. This is especially well illustrated by the evolution that has occurred
at the Department of Embryology with the leadership of James D. Ebert.
For most of its history, the department was located near the Johns Hopkins
Hospital and with its associated medical school. Much of the effort of the
department centered on human embryology and especially on the early stages
of development. A notable accomplishment was a world famous collection of
embryos. But important as was this work, its challenge diminished with time.
Not long after Ebert became Director in 1956, he began to change the department's program. Helping to make feasible new interactions was the move to a
new building on the Homewood Campus of Johns Hopkins University. Soon after.
the staff of the Department of Embryology were participating in teaching courses
at the university and students were engaged in research at the department.
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Today, the program and activities arc quite different from those of an earlier
era. For example, a major effort is being devoted to study of the structure,
arrangement, and evolution oi genes. Genes oi known function have been purified
with the long-term goal of reconstructing their controls in vitro. Another sizable
effort is directed toward better understanding of interactions occurring at cell
membranes and the possible influence of membranes on the behavior of nuclear
material.
The department interacts very strongly with other elements of the intellectual
community. Naturally there is substantial contact with staff and students of
'i- Hopkins University and with the Medical School. But the contacts are
broader and many of the postdoctoral fellows come from other institutions. Last
year, in addition to undergraduate students, training activities at the department
involved seven graduate students and fourteen postdoctoral fellows.
St alts at all of the departments participate in many kinds of public service.
They lecture at other universities, participate in the affairs of scientific societies,
and serve on a host of advisory bodies. These activities supplement the more
intense interactions that were considered in arriving at the estimate of staff
contacts with others given at the beginning of this review.
In his report. Ebert has listed some of the outside activities of his department.
Lectures were presented on twenty-seven different university campuses. Additional talks were given at a number of hospitals and research centers, and of
course there were a substantial number of lectures to learned societies.
Participation in other public service that he has listed is impressive. Advisory
and consultative services included membership on the editorial boards of Anales
del Desarrollo, Developmental Biology, Journal of Biological Chemistry, Journal
of ('ell Biology, Journal of Embryology and Experimental Morphology, Journal
of Experimental Zoology, Excerpta Medica (section on Human Developmental
Biology). Current Topics in Developmental Biology, and Quarterly Review of
Biology.
Members of the staff also acted in these capacities: Chairman, Assembly of
Life Sciences, National Academy of Sciences-National Research Council; Member of the Board of Governing Trustees and the Board of Scientific Overseers,
Jack-on Laboratory; Trustee, President, and Director, Marine Biological Laboratory; Member of the Corporation, AVoods Hole Oceanographic Institution;
Member of the Executive Committee for the Fourth International Conference on
Congenita] Malformations; and Trustee of International Medical Congress, Ltd.
Other posts occupied by members of the department include the following: in
American Institute of Biological Sciences, member, Council of Past Presidents; in the American Society for Cell Biology, member of the Council; in the
Institui de la Vie. Chairman, World Committee on the Formative Weeks of
Human Life: in the National Academy of Sciences, member, Committee on
Science and Public Policy, and member, Coordinating Committee for Air Quality
Studies; in the National Institutes of Health, member, Board of Scientific Counselors, National Institute of Child Health and Human Development, member,
Gerontology Research Center Resources Advisory Committee, and member,
Physiological Chemistry Study Section; at the National Science Foundation,
member of the Panel on Human Biology; and in the Society for Developmental
Biology. President-elect. Members of the department served on a number of
visiting committees, including those for the Department of Biology at Brook-
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haven National Laboratory, Harvard University, Massachusetts
Institute of
Technology, and Princeton University.
Public service of this kind is demanding of time and energy, and it is possible
to overdo it. However, there is a golden mean that lies between isolation and
excessive contacts. Following that course of moderation brings the benefits of
needed intellectual stimulus. It fulfills a Carnegie obligation for more than
ordinary participation in public service, yet it permits the staff to enjoy periods
when they can focus on and devote full attention to their research. That, this
department is achieving close to an optimum course can be seen in the progress
of its studies.
During the past year, the mapping of secondary structure of RNAs and DNAs
by electron microscopy has proved to be highly fruitful. Igor B. Dawid and
Peter Wellauer, International Fellow of the U. S. Public Health Service, have
cooperated with members of two of the department's other laboratories, Donald
D. Brown and Dana Carroll, Fellow of the U. S. Public Health Service, and
Ronald H. Reeder, Toru Higashinakagawa, Joint Fellow of the Institution and
Mitsubishi-Kasei Institute, and Alan Deutch, graduate student of Johns Hopkins
University, in applying the mapping technique to ribosomal DNA. Singlestranded rDNA, when spread for electron microscopy under the proper conditions, forms secondary structural loops at reproducible positions along the
molecule. When this technique is applied to rDNAs that have been digested
with restriction enzymes that produce specific fragments of DNA, it is evident
that not only does the spacer in ribosomal DNA contain some heterogeneity but
also that there is variation from animal to animal. Multiple repeating units
within even one animal's genome are not identical, a conclusion amply borne
out by Brown and Eddie D. Jordan's (senior technician at the department i
studies of ribosomal DNA per se and Carroll's analysis of the DNA coding for
5S RNA.
Working with Brown, Paul M. Lizardi, Fellow of Jane Coffin Childs Memorial
Fund for Medical Research, has contributed significantly to our understanding
of silk fibroin and its message. Lizardi and Brown studied the size of the messenger by polyacrylamide gel electrophoresis and by electron microscopy of denatured
molecules. Full-length RNA molecules measure about 5.2 micrometers, corresponding to an average molecular weight of 5.4 X 10c daltons, a value in good
agreement with that determined by gel electrophoresis. They have also concluded that all fibroin mRNA molecules probably contain polyadenylic acid.
Finally, using a highly radioactive anti-messenger probe and actinomycin D—
cesium chloride gradients, Lizardi and Brown have begun to characterize the
fibroin gene. It appears that one fibroin gene may exist as a stretch of DNA 7 to
10 X 106 daltons long. The possible existence of two or more genes in tandem
is ruled out. The composition of the gene and the adjacent DNA sequences on
either side differ sharply, the sequences in the gene proper having GC content of
60 percent, while the GC content of those on either side is much lower (30 to 39
percent) .
In collaboration with Robert Perry and D. E. Kelley of the Institute for
Cancer Research, Wellauer and Dawid have also extended their earlier studies of
HeLa cell 28S rRNA and its precursors to the rRNA's of mouse L cells and cells
of Xenopus laevis and have been able to compare the processing pathways for
the 28S rRNA's of the three species. The study has also confirmed earlier observations of Brown and Peter C. Wensink, graduate student of Johns Hopkins
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University, that nucleotide sequences in ribosomal DNA are highly conserved
during evolution, whereas spacer sequences vary.
Studying with Dawid, Dennis Leister, graduate student of Johns Hopkins
University . has investigated the important question of the sites of coding of
mitochondrial ribosomal proteins. Are these proteins encoded in nuclear or
mitochondrial genes? The answer is complete for only two species-specific proteins, both oi which are coded in nuclear genes.
Sandra Biroc, graduate student of Johns Hopkins University, studying with
Reeder, has been investigating the iodination of histones, one of the classes of
chromosomal proteins which may be present on the ribosomal genes. She has
discovered that the region of a histone which is iodinated depends upon its conformation, an observation which may be useful in determining whether proteins
on active genes are in a different conformation from those on inactive genes.
Douglas M. Fambrough and Richard E. Pagano and their colleagues have
continued to focus their attention on the molecular organization of membranes
and on membrane biogenesis.
Acetylcholine (ACh) receptors are of special interest to Fambrough both as
membrane proteins and as elements figuring prominently in neuromuscular interactions. In previous years he reported on the appearance of ACh receptors during
muscle development, their production and incorporation into the surface membranes of myotubes and their subsequent degradation, the clustering of ACh
>tors at newly formed neuromuscular junctions both in vitro and in vivo,
: number and distribution in adult rat skeletal muscle fibers, the time-course
of change in these parameters following denervation, and the altered number of
A< 1 receptors in humans with myasthenia gravis. During the past year, he and
his colleagues have continued investigations along these lines, exploring physiological aspects of receptor function, examining further the biosynthesis
and
_ adation of ACh receptors, obtaining more accurate estimates of ACh receptor
density on denervated muscle fiber membranes, and studying ACh receptor distribution inhumans with the neuromuscular disorders congenital myotonic dystrophy and amyotrophic lateral sclerosis. Except for the studies on neuromuscular
disorders, in which conclusions would be premature, Fambrough has described
- idies diking each of these related problems another step along the way toward
their solution.
P gano is developing a highly promising technique for manipulating membrane
composition in a controlled manner. Phospholipid vesicles interact with cultured
mammalian fell-. The detailed mechanism of their interaction, whether by fusion
with cells, by exchange, or by adsorption, is not yet completely resolved, but
= _
n1 amounts of foreign phospholipids and cholesterol can be added to intact
cells, resulting in alterations in the lipid composition of plasma membranes.
U >SSES . . .
This year I report with greal sadness the death on June 28, 1974, of Vannevar
Bush, fourth President of the Institution. In his passing we have lost a man
unique foresight who \or seventeen years guided the Institution through one
most demanding periods of its history.
Dr. Bush was Pr< sidenl from 1939 to 1956, and a Trustee from 1958 to 1971.
[1 was during hi- presidency that, as the scale of World War II expanded, Dr.
Bush realized that U.S. involvement in the war was inevitable. In June of 1940
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he gave President Roosevelt a plan to organize our country's scientific talent for
research directed toward national defense. As a result, he was authorized to
establish and head an independent agency, the National Defense Research Committee. From his office at the Carnegie Institution he directed the work of more
than 25,000 scientists and technicians in their development of radar, the proximity
fuze, amphibious vehicles and, ultimately, the atomic bomb.
Dr. Bush's superb management of what has been called the most successful
short-term research and development effort in history was recognized by both
his government and the scientific community. He was presented the Medal for
Merit by President Truman, and the National Medal for Science by President
Johnson. In 1970 he was given the Atomic Pioneers' Award of the Atomic Energy
Commission. He was a member of many honorary and professional societies,
and held honorary degrees from twenty colleges and universities.
Dr. Bush's impact on science and the nation was further strengthened by his
numerous influential publications, among which was Science, the Endless Frontier,
a 1945 report to the President of the United States that established the basis of
our national policy toward science. Perhaps the most widely read of his works
was Modern Arms and Free Men on the role of science in preserving democracy.
Dr. Bush was born March 11, 1890, in Everett, Massachusetts, the son of a
minister. He earned his bachelor's and master's degrees in engineering from Tufts
College, and taught mathematics and electrical engineering there from 1914 to
1917. In 1916 he received his Ph.D. in engineering in a joint program of Harvard
and the Massachusetts Institute of Technology, and in 1919 he became associate
professor of electrical power transmission at MIT. He was named Dean of
Engineering and Vice President of MIT in 1932, and upon becoming President
of the Carnegie Institution was named a Life Member of the MIT Corporation.
After his retirement from Carnegie, Dr. Bush was made Chairman of the MIT
Corporation, serving from 1957 to 1959, and was then made Honorary Chairman,
a title he held until 1971.
In his last Annual Report to the Board of Trustees of the Carnegie Institution
Dr. Bush wrote on his approaching retirement:
Though completely divorced from the ordering of events, which are
properly the concern of younger men, I shall continue to be a member
of the staff just as all who retire continue to be in spirit. Above all. I
shall watch your work with confidence, for I know that you will adhere
to the faith that . . . has carried us on together for so many years.
It is a faith that makes us look beyond tomorrow and ever seek to know.
. . . You are members of a distinguished and worthy company. Treasure
the privilege of your association in your hearts.
I also report with sorrow and a sense of loss to the Institution the death, on
April 12, 1974, of William W. Rubey, who had been a Trustee since 1962. Dr.
Rubey was a scientific generalist who, in an age of specialization, was able to
recognize the interdisciplinary nature of all the sciences. At the time of his death.
he was Professor Emeritus of the Department of Geology and Institute of Geophysics at the University of California, Los Angeles.
Dr. Rubey was born in Moberly, Missouri, on December 19, 1898. He began
his career when, after receiving the A.B. degree in geology from the University
of Missouri in 1920, he joined the United States Geological Survey. Dr. Rubey
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remained with the Survey for forty years, most of that time as a research
geologist. For his accomplishments there, and for his enthusiastic devotion to
education, he received honorary doctorates from the Universities of Missouri
and California, Villanova College, and Yale University. He taught and lectured
at Johns Hopkins, the California Institute of Technology, and Yale, in addition
to the University of California.
A man oi broad intellectual scope and interests. Dr. Rubey extended his work
beyond the confines oi our earth. He served on the National Academy of
s1 review panel for the report oi a "Scientific Study of Unidentified Flying
Objects," and the Academy's Space Science Board; he was the first Director of
the Lunar Science Institute in Houston, and was co-Chairman of the Lunar
S imple Review Board, advising NASA on the scientific merits of proposals for
- arch on lunar samples.
Dr. Rubey's many responsibilities reflected his seemingly inexhaustible willing■ ss to serve the scientific community. In addition to being a trustee for the
Science Service Corporation and the Woods Hole Oceanographic Institution, he
had also been Chairman of the National Research Council, a member of the
National Science Board of the National Science Foundation, Councillor of the
National Academy of Sciences, a member of the Board of Directors of the
American Association for the Advancement of Science, and President of the
Geological Society of America.
Among Dr. Rubey's honors were the Award of Excellence and the Distinguished
Service Award, both from the U.S. Department of the Interior, and the Penrose
Medal of the Geological Society of America, which is the highest award in his
field. "When he was awarded the National Medal of Science by President Johnson
in 1965. Dr. Rubey was cited "for showing by profoundly original observations
and clear physical reasoning how sand grains and mountains move and from
whence the oceans come," a fitting recognition of the varied contributions he had
marie to our knowledge of the planet upon which we live. Dr. Rubey's death
is a loss not only to the Institution, but also to scientific and educational communities throughout the world.
I must also record with deep regret the death on August 26, 1974, of Charles A.
Lindbergh, a former Trustee of the Institution who, following his non-stop transAtlantic flight in 1927. became one of the most admired figures of our century.
'

ral Lindbergh (U.S. Air Force Reserve) was a Trustee from 1934 to 1939.
He was born February 4, 1902, in Detroit, and was raised in Little Falls,
Minnesota. His early flying experiences included service with the Army Air
Corp- Reserve, barnstorming, and passenger and airmail flights, all of which
prepared him for his historic venture. For this achievement, he was awarded the
Distinguished Flying Cross by President Coolidge, and the Medal of Honor by
< Congress. Under sponsorship of the Guggenheim Foundation, General Lindbergh
flew to cities throughout the United States to encourage recognition of the
importance of aviation. He was also a consultant to commercial airlines, charting
v routes and advising on their establishment.
Anna 0. Shepard, a retired Staff Member of the former Division of Historical
Research, died on July 19, 1973. Her association with the Institution as an
authority in ceramic technology covered thirty-seven years — from 1931 to her
retirement in 1968.
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In addition to her work with the Institution, Miss Shepard had been Curator of
Anthropology at the San Diego Museum, a Research Associate at the Laboratory
of Anthropology, Sante Fe, New Mexico, and a geologist with the Q.S. Geological
Survey.
Miss Shepard was especially well known for showing how knowledge about
ceramic materials gained from laboratory study could be useful in the field of
archaeology. During her career, she encouraged archaeologists to use a more scientific approach to the classification of potsherds, perhaps most successfully through
her book Ceramics for the Archaeologist. Published in 1956. and reprinted many
times, it continues to be one of the Institution's most requested monograph.-.
Olin C. Wilson, a Staff Member of the Hale Observatories since 1931. retired
in June 1974. He has made many notable contributions to stellar and nebular
physics, among which was the recent discovery of cyclical variations in the
chromospheric activity of many stars. In his retirement. Dr. Wilson plans to
pursue this new finding as a means of understanding the solar cycle.
. . . AND

GAINS

I am pleased to report the Institution's gain this year of three new Trustees.
They are Robert C. Seamans, Jr., Hanna H. Gray, and Patrick E. Haggerty.
Robert C. Seamans, Jr.. currently President of the National Academy of
Engineering, was Secretary of the Air Force from 1969 to 1973. Prior to this,
he was with the National Aeronautics and Space Administration from 1960 to
1968 in various capacities, including that of Deputy Administrator from 1965
to 1968. He was a member of technical committees of the National Advisory
Committee for Aeronautics from 1948 to 1958. and was a manager of missile
and aircraft systems for the Radio Corporation of America in the late 1950's.
From 1941 to 1955 he was an Associate Professor and a Staff Engineer with the
Instrumentation Laboratory at the Massachusetts Institute of Technology.
Dr. Seamans received the B.S. degree in engineering from Harvard University
in 1939. From the Massachusetts Institute of Technology, he received the M.S.
degree in aeronautics in 1942 and the doctorate in instrumentation in 1951.
Hanna H. Gray. Provost of Yale University, is well known as an educator
and as a historian whose studies have centered on European history in the
Renaissance and Reformation. Dr. Gray received the B.A. degree from Bryn
Mawr in 1950. She was a Fulbright Scholar at Oxford University from 1950 to
1952 and received the Ph.D. from Radcliffe College in 1957.
Before assuming her present post at Yale, she was Dean of the College of
Arts and Sciences at Northwestern University. Dr. Gray began teaching at
Bryn Mawr College in 1953 and joined the Harvard faculty in 1955. She also
taught at the University of Chicago, where she was an Associate Professor, from
1960 to 1964, and at the University of California, Berkeley, in 1970-1971. A
Phi Beta Kappa Visiting Scholar in 1971-1972, Dr. Gray was named a Fellow.
1966-1967, and a Visiting Scholar. 1970-1971, at the Center for Advanced Study
on Behavioral Sciences.
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Patrick E. Haggerty, Chairman of the Board of Texas Instruments, Inc., is a
leader in electronics technology. He received the B.S. degree in electrical engineering from Marquette University, and in 1945 joined Geophysical Services, Inc.,
later to become Texas Instruments, as general manager of the laboratory and
manufacturing division.
Among Mr. Haggerty's awards are
Industry Association ; the Medal of
Founders Award. Institute of Electrical
Fritz Medal, an award for achievement

the Medal of Honor of the Electronics
the Industrial Research Institute; the
and Electronics Engineers; and the John
in applied science given by five engineer-

ing societies. He has received honorary doctorate degrees from St. Mary's
University, 1959. the University of Dallas. 1965. the Polytechnic Institute of
Brooklyn, 1902. and North Dakota State University, 1967.
Mr. Haggerty is currently Chairman of the National Council on Education
- arch, a member of the Council for Progress of Non-Traditional Study, and
a trustee and member of the Executive Committee of both Rockefeller University
and the University of Dallas. He is also a Commissioner and Executive Committee member of the Trilateral Commission, an organization of American,
Japanese, and European leaders seeking solutions to common economic and
political problems of their countries. Since 1970, he has been a member of the
International Advisory Committee of the Chase Manhattan Bank and a member
of the Business Council, a group of economic advisors to the President.
George W. Wetherill will become Director of the Department of Terrestrial
Magnetism in April 1975. This will be Dr. AVetherill's second association with
Carnegie — he was a Staff Member of that Department from 1953 to 1960. Former
Director Ellis T. Bolton will continue as a Senior Staff Member of the Institution.
Dr. Wetherill is now Professor of Geophysics and Geology at the University
of California, Los Angeles. He also served as Chairman of the Department of
Planetary and Space Science at that university from 1968 to 1972. Dr. Wetherill,
a graduate of the University of Chicago, received bachelor's degrees in philosophy
1 1948i and physics (1949)! the M.S. degree in 1951, and the Ph.D. in 1953, both
in physics. He was a predoctoral fellow with the Atomic Energy Commission from
1951 to 1953. doing thesis research on spontaneous fission of uranium and
thorium and nuclear processes in nature. Earlier, he was a research assistant
at the University of Chicago, where he worked on the 170-inch synchrocyclotron.
In April 1974. Dr. Wetherill was elected to the National Academy of Sciences.
Hi- other honors include membership in Phi Beta Kappa and Sigma Xi, and he
is a Fellow of the American Academy of Arts and Sciences.
A- a principal investigator of lunar samples from Apollo 11 to 17 since 1969,
lie has served on committees of the National Aeronautics and Space Administration,
including the Lunar and Planetary Missions Board in 1969-1970, and as Chairman of the Working Group for the Post- Viking Exploration of Mars in 19721973. As a member of the NASA Physical Science Committee, he has participated
in many NASA and National Academy of Sciences-National Research Council
study groups.
Also returning to the Institution after an earlier association is Elbert F. Osborn,
who in September 1973 became Carnegie's first Distinguished Professor. Dr.
( '-born joins the Geophysical Laboratory, where he was a Staff Member from
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1938 to 1945. During the past four years he served as Director of the U.S. Bureau
of Mines in the Department of Interior.
Dr. Osborn received his bachelor's degree from DePauw University in 1932.
his M.S. from Northwestern University in 1934, and his Ph.D. from the California
Institute of Technology in 1937.
Dr. Osborn's earlier service with the Institution was as a petrologist. After
leaving Carnegie in 1945, he was with Eastman Kodak in Rochester, New York,
for one year, and then joined Pennsylvania State University as Professor of
Geochemistry and Chairman of the Division of Earth Sciences. He became Dean
of the College of Mineral Industries in 1953, and the University Vice President
for Research in 1959.
Dr. Osborn's achievements as a mineralogist and petrologist have brought him
international recognition. He is a member of the National Academy of Engineering, holds Honorary Life Membership in both the American and Canadian
Ceramic Societies, and has received four honorary Doctor of Science degrees.
In 1972 he received the Roebling Medal, the highest award of the Mineralogical
Society of America, and in 1973 was awarded the John Jeppson Award of the
American Ceramic Society.
The following honors have been awarded to Staff Members during the past year.
Winslow R. Briggs, Director of the Department of Plant Biology, and Francis
R. Boyd of the Geophysical Laboratory were elected to the National Academy
of Sciences.
James D. Ebert, Director of the Department of Embryology, was elected
a member of the American Philosophical Society. Dr. Ebert has also begun
a three-year term as the first Chairman of the Assembly of Life Sciences of the
National Research Council.
L. Thomas Aldrich, Acting Director of the Department of Terrestrial Magnetism, has been elected General Secretary of the American Geophysical Union.
Dr. Aldrich was also made an Honorary Director of the Ibero-American Geophysical Association.
Donald D. Brown of the Department of Embryology was named to a one-year
term as President of the Society for Developmental Biology.
Elburt F. Osborn of the Geophysical Laboratory was given the Hal Williams
Hardinge Award of the American Institute of Mining, Metallurgical, and
Petroleum Engineers for his outstanding service to the mineral industry as geochemist, educator, and government official.
Allan R. Sandage of the Hale Observatories was awarded the Elliot Cresson
Medal of the Franklin Institute in recognition of his fundamental contributions
to observational cosmology.
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INTRODUCTION
The Department of Embryology was messenger probe and actinomycin Dborn of two parents, anatomy and physi- cesium chloride gradients, Lizardi and
ology, and was nourished almost entirely Brown have begun to characterize the
in its early days by contributions from fibroin gene. It appears that one fibroin
those fields. It was in developmental gene may exist as a stretch of DNA 7 to
anatomy and physiology that the De- 10 X 10° daltons long. The possible
partment's tradition of excellence was existence of two or more genes in tandem
established. Thus it is a special pleasure is ruled out. The composition of the gene
to report an event of importance, the ap- and the adjacent DNA sequences on
pearance during 1973 of Ronan either side differ sharply, the sequences
O'Rahilly's monograph Developmental in the gene proper having a GC content
Stages in Human Embryos, Including a of 60%, while the GC content of those- on
Survey of the Carnegie Collection. Part either side is much lower (30-39%).
A: Embryos of the First Three Weeks The mapping of secondary structure
(Stages 1 to 9) . This superbly illustrated of RNAs and DNAs by electron microsmonograph, published by the Institution, copy has continued to be highly fruitful,
is another landmark in the Department's In collaboration with Robert Perry and
rich history of presenting definitive D. E. Kelley of the Institute for Cancer
works in human embryology. Professor Research, Peter Wellauer and Igor
O'Rahilly is already at work revising Dawid have extended their earlier studies
stages 10 to 23.
of HeLa cell 28S rRNA and its precursors
Deserving of special mention, too, is to the rRNAs of mouse L cells and cells
Yoshiaki Suzuki's return to the Depart- of Xenopus laevis and have been able to
ment from Tokyo. Now a Staff Member, compare the processing pathways for the
Suzuki is continuing his studies of the 28S rRNAs of the three species. The
regulation of gene expression, focusing study has also confirmed earlier observahis attention on the gene for silk fibroin tions of Brown and Wensink that inland its messenger RNA. His studies have cleotide sequences in ribosomal DNA are
provided what may be the most complete highly conserved during evolution,
quantitative account thus far available whereas spacer sequences vary,
of the waxing and waning of gene action Wellauer and Dawid have also cooperduring development.
ated with members of two of the Depart Paul Lizardi and Donald Brown have ment's other laboratories — D. D. Brown
also contributed significantly to our and Dana Carroll, and Ronald Reeder,
understanding of silk fibroin and its Toru Higashinakagawa, and Alan Deutch
message. They studied the size of the — in applying the mapping technique to
messenger by polyacrylamide gel electro- ribosomal DNA. Single-stranded rDNA.
phoresis and by electron microscopy of when spread for electron microscopy undenatured molecules. Full-length RNA der the proper conditions, forms secondmolecules measure about 5.2 micrometers, ary structural loops at reproducible posicorresponding to an average molecular tions along the molecule. When this techweight of 5.4 X 106 daltons, a value in nique is applied to rDNAs that have
good agreement with that determined by been digested with restriction enzymes
gel electrophoresis. They have also con- that produce specific fragments of DNA.
eluded that all fibroin mRNA molecules it is evident that not only does the spacer
probably contain polyadenylic acid, in ribosomal DNA contain some heteroFinally, using a highly radioactive anti- geneity but also that there is variation
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from animal to animal. Multiple repeating units within oven one animal's
genome are not identical, a conclusion
out by Brown's and Jordan's
amply borne
studies
of ribosomal DNA per se and
Dana Carroll's analysis of the DNA coding for 5S RNA.
Staff Members Douglas Fambrough
and Richard Pagano and their colleagues
have continued to focus their attention
on the molecular
branes and on
Their studies are
the body of the

organization of memmembrane biogenesis.
treated extensively in
Report. It will suffice

here to touch only briefly upon Pagano's
promising technique for manipulating
membrane composition in a controlled
manner. Phospholipid vesicles interact
with cultured mammalian cells. The detailed mechanism of their interaction,
whether by fusion with cells, by exchange, or by adsorption, is not yet completely resolved, but significant amounts
of foreign phospholipids and cholesterol
can be added to intact cells, resulting in
alterations in the lipid composition of
sma membranes.
Mention has already been made of the
contributions of several Fellows: Paul
Lizardi, now at Rockefeller University;
P ter Wellauer, currently an International Fellow of the U.S. Public Health
Service but who will continue for a third
year under the auspices of the National
Cystic Fibrosis Research Foundation;
Torn Higashinakagawa, who will spend
second year as a joint CarnegieMitsubishi Fellow; and Dana Carroll.
Carroll expects to leave early in 1975, one
• " two members of the group taking up
positions in 1974-1975. He will move
to the Department of Microbiology at
the University of Utah School of Medicine. Peter Stambrook, having completed
-year appointment, will become
Assi
3or of Biology at Case
Western R
University.
In addition to Carroll and Lizardi, four
other postdoctoral fellows have been
associated with Donald Brown: Ronald
Brown has been comparing the nucleotide
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sequences of the 5S DNAs of Xenopus
lac vis and X. mulleri] Ilya Pashev, on
leave from the Institute of Biochemistry
(Bulgaria), has conducted preliminary
experiments attempting to separate specific DNA components by hydroxyapatite thermal chromatography; and John
Morrow and Christian Thomas have been
trying to purify the fibroin gene and
studying its location within the nucleus,
respectively.
In addition to Wellauer, postdoctoral
fellows in Dawid's program include Seigo
Ohi and William Upholt. Upholt has
centered his attention on the recombinant
molecules of mitochondrial DNA found
in mouse-human hybrid cells, while Ohi
is attempting to covalently attach ferritin to transfer RNA to allow its visualization in the electron microscope.
Aileen Ritchie and Leaf Huang have
worked with Douglas Fambrough and
Richard Pagano, respectively, Ritchie as
a Fellow of the Muscular Dystrophy Associations ofAmerica, Inc., and Huang
as a Carnegie Fellow. Their contributions
are described in the body of the Report,
along with those of J. F. Albright and
Keiko Ozato, working in Ebert's laboratory. Albright was a Senior Carnegie
Fellow, and Ozato is supported jointly
by Carnegie and the Marine Biological
Laboratory.
Extramural collaborators continue to
play an important role in the research of
the Department. This year the group
included (in addition to Perry and Kelley, already cited) W. H. Adler and Julia
Deitchman of the Gerontology Research
Center, A. Forsheit and N. Davidson of
the California Institute of Technology,
George Brownlee of the MRC Unit of
Molecular Biology, Cambridge, and
Hayden Coon of the National Cancer
Institute.
No less important are our graduate
students. Those whose contributions are
presented specifically in the Report are
Carol Kaushagen, Dennis Leister, and
J. L. Ramirez (all with Dawid), Sandra
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Biroc and Alan Deutch (with Reeder),
Peter Devreotes (with Fambrough), and
Changlin Wey (with Pagano).
I have stressed repeatedly in these Reports that the vitality of the Department
stems in large part from our insistence
that research and training for research
are inextricably interwoven.
The De-

partment is an exceptionally favorable
environment for growth and maturation.
The critical turn of mind fostered by research tempers the student's; approach to
the evolving base of science and its applications. It forms the basis; of what John
Whitehorn termed "education for uncertainty."

DEVELOPMENTAL
GENETICS
GENE
ISOLATION

BY

D. D. Brown, R. D. Brown, D. Carroll, P. Lizardi, J. Morrow, I. Pashev, and (' . Thomas

Genes of known function have been
purified with the long-term goal of reconstructing their controls in vitro. In
addition, we have been studying the
structure, arrangement, and evolution of
these genes. This report describes continuing studies on the mechanism by
which multiple tandem genes evolve together. The ribosomal and 5S genes of
two Xenopus species, mulleri and laevis,
have been used for these analyses. Restriction enzymes and nucleotide sequencing methods have contributed extensively
to our progress in the past year, and experiments inwhich these important tools
are used will be described. Two different
experimental approaches have been used.
Both ribosomal DNA and 5S DNA have
been found to contain some heterogeneity,
that is, the multiple repeating units
within even one animal's genome are not
identical. Experiments will be described
in which the arrangement of this heterogeneity can be analyzed. In addition,
attempts have been made to introduce
heterogeneity into the genome and observe its fate. This is the rationale for
producing hybrid animals and studying
the segregation pattern of their ribosomal
genes.
The silk gene is the first structural
gene whose physical and chemical characteristics can be studied directly. This
is due to its unusual base composition.
We report here an analysis of its length
and the first information on the DNA
sequences adjacent to it. One important

goal is to isolate the gene, and a strategy
designed to purify the fibroin gene is described. We are investigating the possibility that the location within a nucleus is
in some wray correlated with the activity
of a gene. This possibility is being
studied by cytological localization of
fibroin genes in silk gland cells.
Finally, studies are reported in which
a chromatin fractionation method is
tested for its ability to separate specific
DNA components.
The Evolution of Ribosomal DNA
D. D. Brown and E. Jordan

Our first studies of Xenopus laevis—
Xenopus mulleri hybrids were reported
in Year Book 72. The analysis of rDNA
from the backcross progeny has been
completed and is summarized in Table 1.
Two Fi hybrids were backcrossed with
laevis and mulleri males, and about 20
progeny from each of the four matings
were analyzed for their rDNA content.
The multiple genes comprising rDNA are
clustered on a single chromosome in each
species. If no "scrambling" of these
genes
the hybrid mothers'
germ took
cells,place
then in backcrossed
animals
should segregate their rDNA by Mendelian rules — that is, 50% of the progeny
should have rDNA of the paternal
species only, while the other 50 9r should
contain hybrid rDNA like their mothers.
From 84 animals produced by these backcrosses, only 3 segregants were found.
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TABLE

l. Segregation oi Ribosomal DNA
in Xenopus Hybrids
Number oi
Animals
Hybrids

lm
lm
ml
ml

\
\
\
\

11
mm
11
mm

Total

21
21
28
11
84

Segregantsf

19
21
28
13
81

0
2
0
1
3

•Designations show the female parent before
the male parent, lm is an Fi hybrid from a cross
between a laevis female and a mulleri male. 11 is a
normal laevis] mm is a normal muUeri.
"A segregant has pure rDNA of the paternal
tvpe. All three Begregants had pure X. mulleri
rDNA.

The most likely explanation for this finding is unequal crossing over between
homologues. Furthermore, this event
must have occurred more than once, on
average, in each female germ cell to have
produced such a high proportion of hybrid progeny. Additional experiments
are being conducted to rule out other
explanations for this finding. If recombination within rDNA is as common as
these experiments suggest, it may account
for the continued scrambling of multiple
tandem genes.
Heteroduplex Mapping of Xenopus
laevis and Xenopus mulleri
Ribosomal DNA
A. F

* N. Davidson* and D. D. Brown

The rDNAs of these two species are
known to differ in the transcribed and
nontranscribed spacer regions (see Year
B

' 70). When the two rDNAs are denatured and mixed, and the single strands
allowed to reassociate together, some
roduplex molecules are produced
having one strand from each of the two
Electron microscopy of such hybrid molecules -hows the regions of
mismatch as "substitution" loops, that
* California Institute of Technology.
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is, single-stranded regions which will
not base pair. The general arrangement of genes and spacer DNA can be
deducted easily from the hybrid molecules. The transcribed spacer between
the 18S and 28S genes is seen as a small
mismatched loop between two duplex
regions which are the length of the two
genes. The nontranscribed spacers of the
two species have some homology but are
mainly mismatched. Additional information on the structure of rDNA came from
rRNA-DNA hybrid maps in which the
RNA-DNA duplex regions were mapped
relative to the single-stranded spacer
sequences. The space between the 18S
and 28S genes was confirmed by electron
microscopy of these hybrids. The information gained from these experiments
agrees with the structure of rDNA obtained by Wellauer and Dawid using
secondary structure mapping.
Analysis of 5S DNA

Heterogeneity

D.Carroll

Our experiments on the digestion of
Xenopus 5S DNAs with restriction endonucleases have been designed to study
the details of the nature and organization
of sequence heterogeneity with these repeating DNAs. As reported last year
( Year Book 72) , a restriction enzyme
from Hemophilus influenzae apparently
makes one cut per repeat in the 5S DNA
of Xenopus laevis. We have separated
the two different enzymes from the original preparation and have determined
that only one of them, Hind III, cleaves
5S DNA; the DNA is totally resistant
to the other enzyme, Hind II.
In all the preparations of X. laevis 5S
DNA we have examined, there has been
a certain amount of DNA (up to perhaps
20% of the total) which is resistant to
Hind II and III. We have determined
that this resistant DNA is a contaminant
which does not contain 5S genes, by the
following criteria: (1 ) It does not have a
regular denaturation map like 5S DNA
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Fig. 1. Electron
a restriction digest
top molecules are
such molecules are

micrograph and diagrammatic tracings of five partly denatured molecules from
of X. laevis 5S DNA cleaved with the restriction enzyme Hind III. The three
single repeats. Occasional molecules that are twice repeat length are seen. Two
shown here (below) . Magnification X 100,000.

(see Year Book 70). (2) Its buoyant
density in CsCl is 1.698, while 5S DNA
bands at 1.692. (3) It does not reassociate rapidly. (4) Reassociation in the
presence of 5S RNA does not increase its
buoyant density. We conducted a search
for this resistant DNA, and found that
it is located on the heavy side of the 5S

DNA
peak
in actinomycin
D-CsCl
gradients.
We have used denaturation mapping
to locate the Hind III cleavage sites with
respect to the denaturation map of intact
5S DNA. Schematic representations and
pictures of partially denatured restriction fragments are shown in Fig. 1. They

12
correspond quite precisely to structures
seen as repeating units of intact 5S DNA
under similar conditions. These observations demonstrate that the Hind III cut
occurs near one of the two junctions between the AT-rich and GC-rich regions
oi intact 5S DNA (set1 Fig. 3) and that
it occurs in the same unique location in
each repeat. The overall lengths of the
partially denatured fragments agree with
other estimates of the repeat, length.
The standard deviations of the lengths
oi the restriction fragments are rather
large, suggesting there may be some
heterogeneity in their lengths. This has
been confirmed by electrophoresis of the
Hind III digestion products in gels of
2.0% acrylamide, 0.5% agarose (Fig. 2).
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In these gels, the repeat length fragments
of 5S DNA migrate as a band which is
not only broader than homogeneous fragments from SY40 DNA but is itself made
up of discrete sub-bands. This heterogeneity isnot due to mixtures of homogeneous DNAs from different individual
animals, since the 5S DNA purified from
the blood of a single frog gives a band
pattern fully as complex as that shown
for a mixture of animals.
From their mobilities, we calculate
that the average separation between adjacent sub-bands is approximately 14
base pairs. By sequence analysis of RNA
transcribed from purified 5S DNA,
Brownlee and Brown (this Report) have
discovered a family of closely related
oligonucleotides, roughly 15 bases long,
which occur tandemly repeated in the
spacer region. It seems reasonable to
suggest that the various repeat units
differ by integral numbers of these 15mers. It is possible that these small repeated sequences facilitate genetic exchange among 5S DNA loci, and that the
variations in the repeat length result
from DNA alignments which are out of
register by an integral number of
15-mers.
Sequence Studies of X. laevis 5S DNA
G. G. Brownlee* and D. D. Brown

Fig. 2 Gel electrophoresis of Hind IIIdigested A'. ln< vis 5S DNA. Electrophoresis was
'•arrK-d out in a 2.0% acrylamide, 0.5% agarose
composite Blab gel. The central slot contains
the 58 DNA rind shows the sub-band pattern
within the broad, repeat length-sized peak. The
other -lots contain restriction fragments of SV40
DNA: those generated by Hind II and III on

The 5S DNA of X. laevis contains a
DNA sequence of, on average, 750 base
pairs which repeats about 24,000 times
per haploid genome. Within each repeat
is a single 5S RNA gene of 120 base pairs,
the remainder of each repeat being spacer
DNA. Each repeat contains about 3
parts of an AT-rich region adjacent to
2 parts of a GC-rich region. Several
years ago, two groups independently
demonstrated that Xenopus laevis synthesizes at least two distinct kinds of 5S
RNA. Somatic cells make a single kind
of 5S RNA.
However, growing oocytes

the left ("only the 4 largest, Hind II fragments
are pictured), those generat ((\ by Hind III (5 of
6 fragments) are shown on the right.

* MRC Unit of Molecular Biology, Cambridge, England.
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Fig. 3. Diagram of an average repeat of X. laevis
Ti oligomers isolated from cRNA transcripts of the
dotted line that divides it is meant to suggest that
cient duplication. The exact location of the 5S RNA
unknown.

which actively synthesize ribosomes
make more than one type of 5S RNA.
The principal oocyte 5S RNA differs by
6 bases from somatic 5S RNA. The sequence studies that we report were designed to answer two questions about the
purified 5S DNA: Which kind of 5S
RNA was encoded for by the purified 5S
DNA, and what is the sequence of the
spacer regions?
Radioactive complementary RNA was
transcribed from 5S DNA with E. coli
RNA polymerase. The 32P-labeled RNA
was then sequenced by chromatographic
methods devised by Brownlee and Sanger. Most transcripts are complementary
to the nonsense strand of 5S RNA, that is,
the strand which does not hybridize with
5S RNA. The identification of 5S gene
sequences was carried out, therefore, on
the antiparallel sequence. It was possible to show that at least 97% of the gene
sequences in 5S DNA were oocyte-type.
No somatic-type 5S DNA was found. We
conclude that the multiple 5S genes purified as 5S DNA are exclusively of the
oocyte type. These genes are present in
such abundance to keep up with the increased demand for ribosome synthesis in
oocytes. The location of somatic 5S genes
remains a mystery.
RNA transcripts of the spacer region of
5S DNA were sequenced. A series of
related oligonucleotides was found in
high molar yield. They average about

5S DNA. One of the most abundant RNase
high AT part of the spacer is shown. The
the 15-mer itself may be derived from an angene within the high GC part of 5S DNA is

15 nucleotides in length and when added
up were found to comprise about 230 of
the 750 nucleotides in a 5S DNA repeat.
This is a minimal value and we believe
that the entire AT-rich region of 5S DNA
consists of about 30 of these 15-mers and
related sequences in tandem array. A
model of the structure of an average repeat of 5S DNA is depicted in Fig. 3.
The functional significance of these multiple tandem oligomers within the spacer
is unknown.
Nucleotide Sequences in Xenopus
5S DNA
R.D. Brown

Two different sequencing studies are
being carried out to compare the 5S
DNAs of X. laevis and X. mulleri. These
involve sequencing the gene product. 5S
RNA, and the presumed initiation and
termination sequences adjacent to the
gene in the 5S DNA.
As we observed in the preceding section,
X. laevis possesses at least two different
kinds of genes for 5S RNA, one expressed
in somatic cells, the other in oocytes.
The oocyte and somatic 5S RNAs have
now been sequenced for X. mulleri. The
oligonucleotides produced by Ti ribonuclease digestion of these RNA molecules
are listed in Table 2. Sequences of the
ribonucleotide fragments were determined by a comparison with the known

f-
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TABLE

2. Molar Yield oi Oligonucleotides Produced by T, Ribonuclease Digestion
oi X . hu vis ami X. mulleri iSS RNA Molecules

S quence

G
LTG
AAG
AUG
LTAG
LTCG
CCG
G
ACCG
AAAG
CCUG
UUAG
UCUG
.AG
CCUACG
AUCUCG
UACUUG
AUACAG
UACCUG
AUCUCAG
AAUACCAG
^CACCACCCUG
1 CAUACCACCCUG
CUUoh

INSTITUTION

X. hiitns
Somatic

EXPERIMENTAL
A*, laevis
Ovary
X. mulleri
Somatic

L5.9
L9
2.5
0.3

S.O
2.0
l.o
1.3

1.0
1.1
1.1
0.9

0.3
1.2

l.S
0.3
0.8
0.8
0.9
2.0
1.0
0.9
0.7
0.9
2.1
0.9
0
0
00.8
0.6
0
0.3
0.8

1.0
1.0
2.1
0.1
0.3
0.5
1.4
2.9
1.0
1.2
0.2
0.6
0.2
0.7
*
0.7
0.9 1.7*
0.7
0
0.2
0.8

12.9
1.8
2.0
0.3
1.0
1.0
1.1
0.9
2.2
0.1
1.0
1.0
0.9
2.0
1.0
0.9
0.8
0.7
1.9
0.9
0
0
0
0.8
0.1
0.7
0.8
0.4

A', mulleri
Ovary

13.5
2.0
1.8

1.0
0.9
1.8
1.0
0.9
0.8
1.1
0.9
0.9
1.0
2.1
0.8
1.0
0.7
0.2
0.3
0
*
0
0.6
0.6
0.1
0.3
0.8

2.2*

A', lacvis
THEORETICAL
Ovary
A. laevis
13
Somatic

14
1
2
0
1
1
1
1
2
0
1
1
1
2
1
1
1
1
2
1
0
0
0
1
1
0
1
1

1
2
1
0
1
1
1
2
0
0
1
1
3
1
1
0
1
1
0
1
1
1
1
1
0
1
1

UACCUG
co-electrophoreses with AUCUCG
ovary digests as AUCUCG.

and forms a part of the material shown in the

A. leu s -equences and, where necessary,
by treatment with alkali, pancreatic ribonucl< s< or U2 ribonuclease. Since the
differences between X. laevis and X.
mul
5S RNA species are few, a likely
ce for the two X. mulleri RNA
molecules may be derived by assuming
the minimum number of differences and
ordering the oligonucleotides to correspond to the analogous X. laevis se3. This analysis indicates that the
somatic 5S RNAs differ by only one nucleotide, while the ovarian RNAs differ
in four position.-. Interestingly, these
changes support the idea that the somatic
molecules are related more closely to
each other than they are to the ovarian

5S molecules within the same species.
Thus, it appears that the genes coding for
somatic 5S RNA have been evolving
separately from the genes that code for
oocyte 5S RNA since before speciation of
laevis and mulleri.
A second approach has been to sequence the spacer regions adjacent to the
5S gene itself in 5S DNA from the two
species. These regions will include initiation and termination sequences which
presumably are involved in the control of
gene expression. A method that has given
positive, although preliminary, results involves the extension by E. coli DNA
polymerase I of 5S RNA which is hybridized to 5S DNA.
The reaction can be
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maldehyde or80% formamide.
In these
gels, secondary structure effects are
negligible, resulting in linear relationships between mobility and the log of
molecular weight. Figure 4 shows the
results of two such gels in which mRNA
had been electrophoresed with suitable
markers. In botli kinds of gels, the line

short fragments suitanalysis, and ribonuincorporated into the
DNA by carrying out

incubations in the presence of Mn++.
"Ribosubstituted" DNA is then cleaved
at the ribose residues specifically to aid
in sequence determination. Synthesis
primed by 5S RNA yields sequences next

extrapolates to a size of 6 X 106 daltons
for fibroin mRNA.
The size of the mRNA was also inves-

to the 3' end of the gene, while synthesis
primed by "anti-5S" RNA, from the
other strand of 5S DNA, will extend into

tigated by electron microscopic observation of fully denatured molecules. The
contour length histogram of 120 measured
molecules revealed that full-length
mRNA molecules measure about 5.2
micrometers, which corresponds to a
number average molecular weight of 5.4
X 106 daltons.
The question of poly A content of
fibroin mRNA was reinvestigated using
undegraded mRNA preparations. It was
found that 81 to 87% of the mRNA binds

the 5' end of the gene. Preliminary evidence has been obtained which indicates
that the nucleotides immediately adjacent to the 3' end of the 5S gene are different in X. laevis and X. mulleri 5S
DNA.
Studies on the Structure of Silk
Fibroin mRNA and Its Genes
P.M. Lizardi

to oligo dT-cellulose. Thus, all fibroin
mRNA molecules probably contain a

The molecular weight and polyadenylic
acid (poly A) content of silk fibroin messenger RNA have been studied. Polyacrylamide gel electrophoresis of fibroin
mRNA was performed under denaturing
conditions in gels containing 12 M for~o

(a)

CO

c

O

poly A segment.
By using synthetic polynucleotides
(poly dT:poly dA) that are capable of
hybridizing to the poly A tract of the
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Fig. 4. Mobility-molecular weight plots for various RNAs that have been electrophoresed in
(a) formaldehyde and (b) formamide denaturing gels. The standard RNAs have been assigned
molecular weights from their contour lengths, measured in the electron microscope by Wellauer
and Dawid.
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mRNA, molecular complexes were formed
that could be visualized by the electros
microscope. The double-stranded poly
dT:poly dA was associated with one end
of the long mRNA molecule, indicating a
terminal position for the poly A tract.
The study of the fibroin genes has been
facilitated by the availability of a highly
radioactive anti-messenger DNA probe
(sH-amDNA), which, as stated in Year
Book 7&} is a specific and very sensitive
probe for fibroin DNA. Another useful
tool has been provided by actinomycinCsCl gradients i Year Book 73), which
produce a large buoyant density separation between fibroin DNA and bulk DNA
oi B. mori.
Using actinomycin-CsCl gradients with
the 3H-amDNA hybridization assay, it
was found that the buoyant density of
fibroin DNA depends on the molecular
weight of the fragments. From the relationship between molecular weight and
buoyant density of the fibroin DNA, we
have been able to obtain information
about the size of the gene and the base
composition of the DNA that surrounds
it. The data suggest that one fibroin
Lrene exists as a stretch of DNA 7 to 10
X 106 daltons long. The possible existence of two or three genes linked closely
in tandem is therefore ruled out. Another
interesting prediction is that while the
GC content of the fibroin gene is 60%,
the DNA sequences surrounding it have
markedly lower GC content (30-39%).
Tin- gene size data obtained by the
actinomycin-CsCl density shift method
i 7 to 10 / 106 daltons) is in fairly good
agreement with the gene size predicted on
the basis of mRNA molecular wreight
(5.7 / I0fl daltons X 2 = 11.4 X 106
daltons of double-stranded DNA).
These numbers agree fairly well with
the gem- content value obtained by
Suzuki. Gage, and Brown (Year Book
71), which was 14 X 10° daltons of
double-stranded DNA. When considered
together, the data argue- strongly in favor
of the existence of a single silk fibroin
gene- per haploid genome in B. mori.
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Isolation of the Fibroin Gene of
Bombyx mori
J . F. Morrow

As we have just observed, the fibroin
gene consists of about 16,000 nucleotide
pairs which comprise about 0.005% of the
genome.
This gene has an unusual nucleotide
composition: 60% guanine + cytosine, as
opposed to 39% for B. mori DNA as a
whole. Consequently, it bands at an unusual position in actinomycin D-CsCl
equilibrium centrifugation. We hope to
use this gradient method and selective
polylysine precipitation to purify a small
quantity of the gene. We will then link it
covalently to the DNA of an Escherichia
coli plasmid which can be used to replicate eukaryotic DNA sequences in bacteria (Morrow et al., Proc. Nat. Acad.
Sci., U.S.A. 71, 1743, 1974). This should
make possible both biochemical studies
of the gene's neighboring DNA sequences
and a variety of experiments on the control of gene expression.
We are screening enzymes to find one
that specifically cleaves near the silk
gene. This will be useful for linkage to
plasmid
DNA and for subsequent analysis.
Localization of Fibroin and Ribosomal
Genes in the Silk Gland of
Bombyx mori
C . Thomas

This study is designed to test whether
the location of a gene in a nucleus in
which it is active differs from its location
within a nucleus in which it is silent. The
fibroin gene is ideal for such a study since
it can be detected specifically with a
highly radioactive probe. The use of messenger RNA labeled in vivo and complementary DNA transcribed from the
mRNA by reverse transcriptase both
have features that make them unsatisfactory for these cytological
studies.
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Fig. 5. In situ hybridization of posterior gland sections from third instar Bombyx ??iori. Hybridization was carried out with (A) 125I-ribosomal RNA and (B) (see p. 18) a"5I-nbroin mRNA.

Therefore, we have synthesized a highly
radioactive probe by chemical iodination
of the mRNA.
This 125I-mRNA probe
not only has a high specific activity but
can be shown to hybridize specifically to

the fibroin gene. The experiment is designed
to hybridize
the radioactive
mRNA in situ to sections and squashes of
the silk gland at various stages of its
development. The location of the gene is
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detected by radioautography after hybridization. Two controls are designed
to increase the biological significance of
the results. First, the location of the gene
is compared in the posterior gland, in

which it is active, with the middle gland,
where it is considered to be silent. Different stages of development of the posterior
gland can also be compared, since Suzuki
has demonstrated different amounts of
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fibroin mRNA synthesis as a function of
the developmental stage of the gland
(Year Book 72). Second, ribosomal genes
are active in both parts of the gland, and
their distribution can be compared in the
two glands and with that of the fibroin
gene. In Fig. 5a, it can be seen that
rDNA has no specific location in the posterior gland nucleus. The same pattern
has been observed for the middle gland.
Preliminary results with iodinated fibroin
mRNA (Fig. 5b) show localization of
grains mainly close to the nuclear membrane. The middle gland has not been
tested yet. Since the polyploid gland cells
are enormous and must be studied in sections, we plan to reconstruct the position
of the genes within a cell by serial sections.
Hydroxyapatite Thermal Chromatography of DNA and Chromatin
I. Pashev and D. D. Brown

Reports in the literature suggest that
active and inactive chromatin can be
separated on the basis of differential

thermal stability. The ability of hydroxyapatite thermal chromatography to
discriminate DNA from DNA-protein
complexes was examined by following the
melting of two specific DNA components
in DNA and chromatin. The denaturation profiles of ribosomal and mouse
satellite DNAs were compared with those
of bulk mouse DNA in purified DNA and
chromatin. The specific sequences were
detected by hybridization with radioactive RNA complementary to them. Figure 6 compares the elution profile of
satellite DNA from hydroxyapatite after
thermal chromatography of sonicated
DNA and chromatin. Most of the satellite sequences that are high in AT were
eluted at slightly lower temperature than
bulk DNA. However, mouse satellite
DNA eluted 4.5° higher from chromatin
than it did from purified DNA. Actually,
this displacement is more significant if
the material that eluted with 8 M urea
(after the 98°C-fraction) is considered,
since it is enriched for satellite sequences.
In contrast, neither rDNA nor bulk DNA
-i 200
had significantly different profiles in
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Fig. 6. Denaturation profile of mouse DNA and chromatin from hydroxyapatite. Each DNA
fraction eluted from the column by increased temperature was denatured and immobilized on
filters, and all DNA niters were hybridized with 3H-labeled cRNA transcribed from purified mouse
satellite DNA by E. coli polymerase. The open bars give the amount of DNA eluted at each temperature, and the rilled bars are the cts/min hybridized to the DNA.
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chromatin compared to DNA. The high
salt concentration (0.12 M sodium phosphate) at which the chromatin is applied
may dissociate most of the proteins from
chromatin and thus obscure subtle differences. Although we cannot account for
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the unusual fractionation of mouse satellite, one explanation suggests that the
complex between this unusual DNA cornponent and at least some protein in
chromatin is far more stable than the
average DNA-protein interaction.

OF

FIBROIN

GENES

}'. Suzuki

To understand the mechanism of selective gene expression in development, a
long-range study has been initiated of the
fibroin genes that function in the posterior silk gland of Bombyx mori.
Fibroin mRNA is the only eukaryotic
mRNA studied to date that can be isolated and characterized by chemical criteriaYear
i
Book 70, p. 35). We report
here its quantitation in absolute amounts
throughout development, the first such
complete accounting to be rendered. The
- rvation of the repeated appearance
and disappearance of fibroin mRNA durum silk gland development requires controls governing synthesis and/or degradation of the mRNA. Quantitative
analyses on almost all of the fibroin
mutants available have also been completed.
The fibroin mRNA sequence is simple
and internally repetitious, a fact that
provides a unique advantage for an assay
of transcripts from fibroin genes in vitro.
Therefore, a new approach, affinity chromatography offibroin mRNA, has been
undertaken to isolate nascent or fragraented fibroin mRNA sequences from
the cellular RNA.
It i- known that the synthesis and accumulation of fibroin mRNA and of
fibroin are accompanied by remarkable
increases of gly- and ala-tRNAs in the
posterior silk gland in the late fifth
instar. In order to unravel the mechanism of regulation of fibroin genes, the
basis of this coordinate expression must
also be explored. To this end, we have

been

purifying

tRNAs.

and

characterizing

Quantitative Measurements of Fibroin
mRNA during Silk Gland Development
Y. Suzuki, with technical assistance
by E. Suzuki

A simple method that gives milligram
quantities of fibroin mRNA near the void
volume of a Bio-Gel A-50 m column has
been described (Year Book 72, p. 20).
The one-step purification usually gives
as much as 80 to 90% pure fibroin mRNA.
However, since other high molecular
weight RNAs are expected to fractionate
like fibroin mRNA on Bio-Gel, the measurement of the excluded peak cannot in
itself quantitate mRNA content. Thus
it was necessary to develop an additional
step that would measure fibroin mRNA
content.
It is possible to estimate the approximate purity of fibroin mRNA from the
oligonucleotide profile after RNase Tt
digestion. The amount of tetranucleotides in the digest is particularly important (see Year Book 70, p. 35). It was
found that the higher the purity of a
fibroin mRNA preparation, the lower the
proportion of tetranucleotides. Calibration curves of mRNA purity were obtained and are shown in Fig. 7. Since the
calibration curves are reasonably linear,
they can be used to estimate the purity of
any unknown fibroin mRNA preparation.
As shown below, the amount of fibroin
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Fig. 7. Purity calibration curves for fibroin mRNA preparations. Purity was calculated from
ratio of the mRNA digest and percursor rRNA or dRNA digest. On the abscissa, the amounts
tetranucleotides found after DEAE-Sephadex column fractionation of the Ti RNase digest
shown. Closed circles, calibration curve for rRNA contaminants ; open circles, calibration curve
DNA-like RNA of 39% GC from B. mori carcass.

mRNA relative to total cellular RNA
varies from stage to stage (see Table 3).
It was necessary to assess the recovery of
mRNA at different stages to rule out artifactual losses during the extraction procedure. This is particularly important
for molting stages where large decreases
of mRNA occur. Two control experiments were carried out. In one experiment, aknown amount of purified 3HmRNA was added to unlabeled posterior
silk glands from various stages before
tissue homogenization. Recovery of the
labeled mRNA in the excluded fraction
from a Bio-Gel column was almost complete at every stage. In the other experiment, one posterior silk gland from a
middle fifth instar larva that had been
labeled with 32P04~~~ was mixed with un-

the
of
are
for

labeled posterior glands from 100 larvae
at the fourth molting stage. The same
amount of 32P-fibroin mRNA was detected in the mixed RNA preparation as
in the 32P-RNA isolated from the other
posterior silk gland which was not mixed
with unlabeled silk glands. These results
confirm that differences found in the
amounts of fibroin mRNA relative to
total cellular RNA at any stage truly
reflect their difference in vivo.
Based on the methods just described,
the amount of newly synthesized and accumulated fibroin mRNA has been quantitated at various stages. The results are
summarized in Table 3. Larvae in the
feeding stages of the third and fourth
instar synthesize and accumulate fibroin
mRNA to about 2% of cellular RNA:
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TABLE 3. Summary of Quantitative Data on the Synthesis and Accumulation of Nucleic
\ ids m a Pair oi Posterior Silk Glands of B. mori Larva 32atP Different
Larva) Stages
cpm,
mg
larva
Weight,
S

- -

3rd instar
\\ e ling Btage
Molting Btage
4th instar
Feeding Btage
Molting stage
4th ecdysis
m^tar
1 day
2 days
4 ci- 6 days

Gland
Weight,

DNMg
A,

Fibroin mHNA
Weight,

rRNA

Mg
RNA,
Hulk

Mg
Weight,
total

crams
1.3
0.22
0.21
0.95
1.0
0.96
1.4
1.0
3.4
4.8

1.1
1.0
0.2
11
IS
40
100
250
320

139

1.0

8.2
0.6

%of
72

total
0.21

12
13

100
120

83

72

<0.05
2.1

10

250

02

71

<0.6

70
130
200

500
2000
4500
4000

300
1500
3600
3000

180

this corresponds to 0.2 and 2 ju-g per pair
of posterior glands in the third and fourth
instar. respectively. More than 70% of
this RNA is degraded in vivo during the
third and fourth molting stages. Fibroin
mRNA synthesis resumes again within 24
hr of the fifth instar; the mRNA accumu- and predominates over other DNAlike RNAs as the stage proceeds until,
finally, it comprises about 3.5% of cellular RNA in a mature larva (170 /xg per
pair of posterior glands). These results
indicate that more than 99% of the
fibroin mRNA detected in the fifth instar
i- synthesized de novo during this stage.
The repeated appearance and disappearanre of fibroin mRNA may be the
consequence of controls governing either
synthesis or degradation of the mRNA,
or possibly both. These possibilities cannot be distinguished at present. Two feature- of posterior gland development appear to be irrelevant for synthesis and
accumulation of fibroin mRNA. The cells
of posterior glands in the third, fourth,
and fifth instars differ dramatically in
both morphology and degree of ploidy
i Table 3; see also Year Book 70, p. 39,

%2.1of
<0.4
2.1
<0.5

20
77
74
72
56

00
<2
170

1.0
<0.5
2.0
3.5

3213
total

%5.0of
<0.8
5.1
<0.5
0.7
1.8
4.6
10
MR'

and Year Book 71, p. 19) ; yet they synthesize the same relative amounts of
fibroin mRNA (Table 3).
Fibroin mRNA

in Mutants of B. mori

Y. Suzuki, with technical assistance
by E. Suzuki

In B. mori, a variety of fibroin mutants
that do not produce appreciable amounts
of fibroin (Table 4) has been described,
and an analysis of mRNA in these mutants has been carried out.
32P-RNA was extracted from the four
kinds of homozygous and the three
heterozygous larvae shown in Table 5 at
the middle fifth instar. Reflecting the
growth inhibition in the posterior glands
of these mutants (Table 4), the total
cellular RNA contents in the posterior
glands are greatly reduced (Table 5). In
Ndi, Nd(l), and Nd(2) , the total RNA is
only 6 to 7% of normal at the comparable
developmental stage of the larva. In
heterozygotes Nd(l)/+ and Nd(2)/+,
the RNA contents are 8% and 13%, respectively, ofnormal. In the Nd-s mutant, the total RNA content is only 4%
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TABLE

5. Fibroin mRXA in B. mori Mutants Which Do Not Synthesize
Appreciable Amounts of Fibroin
32P cpm,
Mg

Bulk
MgRNA*
Weight.

Weight.

Fibroin mRXA*

Mutants

%

Nd,
Nd(l)

0.5

2S0

Nd(l)2) Nd
Nd 2)/ +
Nd-s
Nd-s

-

INSTITUTION

310
5S0
260
370
ISO
990
4500

1.4
0.8
4.1
1.3
3.0
1.3
15
90

%

0.3
0.7
0.5
0.8
0.7
1.5

0.9
0.5
1.3
0.6
1.3
1.6
1.8

2.0

4.6

Fibroin or
Fihroin-likp
Material Spunf
Weight, mg
<0.6

<2
• > •

300

"Amount in a pair of posterior silk glands.
fAmount spun by a larva.

of normal in homozygous animals and
22r< in heterozygous animals (Table 5).
The amounts of fibroin mRNA in these
mutants were also measured and are summarized inTable 5. The mRXA in homozy notes is about 1 ^g per pair of posterior
silk glands, which is only 1% of that in
normal larva (Table 5). This indicates
that fibroin mRXA synthesis and/or accumulation isinhibited to a greater extent than the bulk RXA. Heterozygotes,
Nd(l)/+ and Nd(2)/+, contain only
slightly more fibroin mRXTA than homozygotes. In Nd-s/+, an intermediate
level of fibroin mRNA 1 15 /zg per pair of
posterior glands) was found (Table 5),
a fact that agrees with the genetic observation that this defect behaves as an incomplete dominant mutation in heterozygotes (Table 4).
In conclusion, none of these mutants
reveals immediate usefulness for studies
of the regulation of fibroin genes.
Affinity Chromatography to Select
Fibroin mRXA Sequences
Y . Suzuki, with technical assistance
by P. Giza

To study selective gene action, we
should have specific probes for fibroin
mRNA
sequences.
The G-rich nature

(40% G) of the mRXA led us to try a
poly rC-cellulose column.
In order to carry out double labeling
experiments and to have radioactive
mRXA of longer half life, 3H-mRXA
from posterior glands labeled with 3Huridine for 24 hr has been isolated and
fingerprinted after RXase Ti digestion
on DEAE-Sephadex (Fig. 8b). Reflecting the uniqueness of fibroin mRXA sequences, only di-, tri- and penta-nucleotides were displayed as major oligonucleotides. It is clear that the mRXA
labeled with 3H-uridine can be identified
by the one-dimensional fingerprint (Fig.
8b).

Using purified 3H-mRXA and 32PrRXA or 32P-tRXTA, almost complete
separation of the mRXA from the rRXA
and tRXA has been accomplished on a
poly rC-cellulose column that was prepared by Litman's method. During the
course of the study, it was found that
even plain cellulose, although doing so
slightly less efficiently, also separates the
mRXA from rRXA and tRXA.
Total cellular RXA from the posterior
silk gland labeled with 3H-uridine has
been applied to a plain cellulose column
(Fig. 9a). An aliquot of the fibroin
mRXTA enriched fraction was tested for
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Fig. 8. Chromatography of RNase Ti digests of various RNA samples on DEAE-Sephadex. (a)
Total cellular RNA from posterior silk glands labeled with 3H-uridine for 24 hr. It contains about
6% 3H-fibroin mRNA. (b) Pure 3H-mRNA obtained by a Bio-Gel A-50 m column fractionation,
(c) The 3H-mRXA enriched fraction shown by the bracket in Fig. 9a. (d) The 3H-mRXA fraction shown by the bracket in Fig. 9b. Lines with circles, 3H cts/min; solid lines, Amo monitored by
a Gibson spectrophotometer (due to absorbance by carrier oligonucleotides from yeast tRNA).
Roman numerals stand for chain length of the oligonucleotides.

its RNase Ti fingerprint (Fig. 8c). Although itis slightly less pure, it is evident
that the fraction obtained by the onestep fractionation is composed mostly of
fibroin mRNA. The mRNA enriched
fraction has been purified further by a
poly rC-cellulose column (Fig. 9b). The
Ti RNase fingerprint of the purified frac-

tion is shown in Fig. 8d and is characteristic of pure mRNA. The yield of this
mRNA fraction by the two-step purification is about 90% when compared with
that of a Bio-Gel fractionation. We plan
to determine whether the methods are
useful for the separation of fibroin
mRNA sequences from other high molec-
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Fit;. 9. Purification of fibroin mRXA by affinity chromatography, (a) Total cellular RNA from
posterior silk glands labeled with 3H-uridine was applied to a cellulose column (0.6 X 5 cm), and
fractionated by stepwise elution with reducing concentration of NaCl. (b) Fractions shown by the
bracket in (a) were pooled, applied to a poly rC-cellulose column (0.6 X 2 cm), and fractionated
st< | wise elution. Three arrows in (a) and (b) indicate the positions where 50% formamide,
formamide, and 1 N XaOH were applied, from left to right, respectively. Solid lines and
solid circles. 3H cts/min; dashed lines. M XaCl.

ular weight RNAs and for the isolation of
: nt or fragmented fibroin mRNA.
PUBIFICATION

AND

CHARACTERIZATION

OF

t RNAs by Two-Dimensional Polyacrylamide CIkl Electrophoresis and
Fingerprint Analysis
} . Suzuki and T. Ikemura*
Ikemura has developed a two-dimensional gel electrophoresis system which
• :tionates E. coli 4S and 5S RNAs into
50 to 60 components. The method has
been applied to 32P-tRNA from the posterior -ilk gland. Approximately 30 component- were observed in the tRNAs of
the early fifth instar (Fig. 10a). Preptions oi the middle or late fifth instar
displayed fewer components, about 20
spots (Fig. 10b), reflecting possibly the
* Kyoto University, Kyoto, Japan.

differentiated nature of the posterior
glands. Corresponding to the fact that
there is a great enrichment of gly- and
ala-tRNAs during the late fifth instar,
five very strong spots (Fig. 10b', spot
I-V) and three medium spots (Fig. 101/ ,
three open circles) were observed. To
characterize these spots, components I to
V were recovered and fingerprinted after
RNase T] digestion. A part of the analysis is shown in Fig. 11; each component
proved to be pure and displayed a tRNA
type fingerprint. While component III is
quite different from I and II, components
I and II are very closely related to each
other, showing just one spot difference;
they may be isoaccepting tRNAs. Identification of each component awaits
availability of authentic samples. An
important feature observed in Fig. 10a
and 10b should be emphasized: Although
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Fig. 10. Fractionation of
phoresis, (a) tRNAs from
the fifth instar. (b) tRNAs
hr of the fifth instar. (b')

posterior gland tRNAs by two-dimensional polyacrylamide gel electroposterior glands labeled with 32P04 for 12 hr from 12 hr to 24 hr of
from posterior glands labeled with 32POr~~ for 12 hr from 84 hr to 96
Schematic profile of (b).

a change of patterns between the early
stage and the middle stage is apparent,
some of the strong spots seen in the
middle stage are already enriched even
at the early stage (at 12 to 24 hr of the
fifth instar; Fig. 10a) when fibroin
mRNA synthesis is barely detectable
(see Table 3) . If these strong spots would
be identified as gly- and/or ala-tRNAs,
our observation would differ from the
published result that enrichment of gly-

and ala-tRNA does not occur in the early
stage. The discrepancy may be due to
the different methods employed; the enrichment at the late stage only was demonstrated by the amino acid accepting
ability of tRNAs, while we tested the distribution of newly synthesized tRXA
molecules during a 12-hr period. The pattern observed in the middle stage (Fig.
10b) remains essentially constant to the
late fifth instar.

m

s

Fig. 11. RNase Ti fingerprints of the major tRNAs
nent II, (c) component III.

from Fig. 10b.

(a) component. I. (b) compo-
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R . II . A\t di '. r. Higashinakagawa, S. Biroc, and A. Dcutch, witfi the assistance of E. Hogan

More than half of the mass of a eukaryotic chromosome is composed of protein. Although these proteins undoubtedly play important roles in chromosome
structure and function, very little is
known about them. One way to learn
more about the chromosomal proteins
would be to isolate a gene of known function with its proteins still attached and to
make a catalogue of their number and
location. This approach might be especially informative if the gene could be
isolated in both an active and an inactive
state.
During the past year we began a study
with just these goals in mind. Higashinakagawa has worked out methods for isolating the amplified genes for ribosomal
RXA from Xenopus oocytes with the
gene proteins still attached. At present,
the genes are being isolated from oocytes
which are active in ribosomal RNA synthesis. Up to 80% of the DNA in the
preparations is rDNA, a degree of purity
which should allow us in the next year to
discover what proteins are stably associated with these genes.
The amount of ribosomal gene-protein
complex that can be isolated at present is
small. However, such small amounts of
protein can be detected and studied if
they are first labeled with radioactive
iodine. During the past year, Sandra
Biroc has been studying the iodination of
histones, one of the classes of chromosomal proteins that may be present on
the ribosomal genes. She has discovered
that the region of a histone that is iodinated depends upon its conformation, an
observation that may be useful in determining whether proteins on active genes
are in a different conformation from those
on inactive genes.
Once we can identify the types of proteins on the ribosomal genes, we will also
wish to know the location of each pro-

tein on the gene. It is possible that this
protein mapping can be done by use of
bacterial restriction endonucleases which
are known to cut DNA at unique, reproducible locations. To explore this approach, Alan Deutch isolated Eco Ri
restriction endonuclease from Escherichia
coli and we began to analyze the pattern
of Eco Ri cleavage on deproteinized
ribosomal genes. This study gradually
grew into a cooperative effort pooling
skills and techniques from several laboratories within the Department. As described later in this report, the sequence
heterogeneity in the DNA revealed by
Eco Ri cleavage proved so interesting in
itself that it has temporarily shunted
aside the protein mapping problem for
wThich the work was originally started.
Isolation of Ribosomal DNA
Chromatin
T. Higashinakagawa

In oocytes of Xenopus, the amplified
rDNA is packaged in thousands of extrachromosomal nucleoli. This biological
peculiarity affords an opportunity to isolate and study a single gene with its proteins still attached. During the past year,
a procedure has been developed to reproducibly isolate rDNA chromatin in considerable purity.
Each oocyte nucleus contains about 12
picograms of bulk chromosomal DNA
and about 25 picograms of rDNA. Thus,
if chromatin could be isolated from pure
oocytes, it would be sufficiently enriched
in rDNA chromatin to allow many interesting experiments. The major problem
has been to eliminate contamination by
the massive amounts of follicle cells that
surround each oocyte.
In the present procedure, ovaries are
excised from adult frogs and digested
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Fig. 12. (a) Photomicrograph of nucleoli isolated in the presence of 3 mM CaCL and 1 mM
MgCh. Stained with Azure B. (b) Electron micrograph of isolated nucleolus. Nucleoli isolated
in the presence of 3 mM CaCl2 and 1 mM MgCb were prefixed with glutaraldehyde and postfixed
with 0s0.». Specimen was double-stained with uranyl acetate and lead citrate. X 19,000.

with collagenase in 0.1 M phosphate which can be picked up with the aid of a
buffer, pH 7.4, as described by Dumont. micropipet. For most experiments, howOver 90 percent of the oocytes are re- ever, the entire oocyte is homogenized,
leased within one hour at room temperature. The yolk and pigment in mature
a. nucleoli
oocytes interfere with nucleolar isolation.
Therefore, immature pigment-free oocytes
containing little yolk are isolated by a
flotation procedure. The immature
oocytes are then centrifuged several times
through 1.7 M sucrose with Ca++ and
Mg++. Immature oocytes sediment at this
sucrose concentration, while follicle cells
and mature oocytes float. At this stage
the oocytes are fragile. Repeated pipetting will break them and release large
numbers
of intact germinal
vesicles,
Fig. 13. Tracings of DNA centrifuged to equilibrium inthe analytical centrifuge. Nucleoli or
nucleolar chromatin was dissolved in 1% sodium
AMauroyl sarcosinate and centrifuged to equilibrium ina CsCl gradient. The bands at buoyant densities of 1.699 and 1.729 correspond to
bulk DNA and rDNA, respectively. SPOl
phage DNA (buoyant density 1.742) was added
as marker, (a) whole nucleoli, (b) nucleolar
chromatin.

1.699

729 1.742
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DNA

40S
30S
28S
18S

a
Fie. 14. Polyacrylamide-agarose gel electrophoresis
SDS-hot phenol from nucleoli isolated in the presence
DXase I in 1 m.V MgCk prior to electrophoresis.
te nucleolar RXA. (b) total RXA from Xenopus

filtered through cheesecloth, and the nucleoli isolated by centrifugation through
2 M >ucrose containing divalent cations.
When viewed under the light microscope (Fig. 12a), the pelleted material
from this step consists primarily of nui with an occasional follicle cell nucleus. The fibrous material seen in Fig.
12a may be aggregated ribonucleoprotein-. To examine the DNA composition
of this pellet, a portion was dissolved in
i% Sarkosy] and centrifuged to equilibrium in an analytical CsCl gradient (Fig.
I. The purity of the preparation can
be assessed by comparing the area under
the rDNA peak (p = 1.729) with the area
under the bulk DNA peak (p = 1.699).
In this particular preparation, the ratio
is about 2:1. The yield of rDNA is 0.1 to
0.2 fj.g from the ovaries of two frogs.

of nucleolar RNA. RNA was extracted with
of 1 mA/ MgCl2. RNA was incubated with
The gel was stained with "Stains All." (a)
laevis cultured kidney cells.

Figure 12b shows an electron micrograph of a nucleolus from such a preparation. Nucleoli at this stage still have the
typical granular and fibrillar regions that
are seen in nucleoli sectioned in intact
cells. There is evidence from other studies
that the fibrillar component contains the
rDNA plus the 40S rRNA precursor
molecules. The granular region presumably contains 28S rRNA and its immediate precursors. Electrophoresis of RNA
from these preparations (Fig. 14) shows
that the expected RNA components are
all present. They contain 40S and 30S
precursor RNA as well as 28S and 18S
mature rRNA. The presence of 18S RNA
might be due to contaminating ribonucleoproteins. The band between 28S and
18S is likely a specific breakdown product. The presence of Mg++ ions through-
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out the isolation procedure was found to
be essential in order to obtain undegraded RNA in the nucleolar pellet. Substitution of Ca++ ions was not effective,
even though the nucleoli had apparently
normal morphology.
Chromatin was prepared from the nucleolar pellet by dissolving it in 5 ml
Tris, pR 8, 1 ml EDTA and centrifuging the chromatin through 1.7 M sucrose
in the same buffer. An analytical CsCl
gradient of the DNA from such a chromatin preparation is shown in Figure 13b.
This step removes most of the rRNA and
presumably most of the ribosomal proteins. Experiments are now in progress to
iodinate the proteins in this chromatin
preparation and identify what types of
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proteins arc present. Calculations suggest that with the amount of material
available, it should be possible to detect
a histone-size protein that is present at
only one molecule per' repeat of the
rDNA.
Hlstone Synthesis during rDNA
Amplification
S. Biroc

At the stage when rDNA amplification
occurs in Xenopus oocytes, the chromosomes have completed the previous S
phase and are inactive in DNA synthesis.
The only DNA synthesis that is detectable in these oocytes is of rDNA.
An
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Fig. 15. Histone gel of ovary chromatin preparations. Three ovaries were incubated in 3H-lysine
and 3H-thymidine for 16 hr, homogenized separately in Tris-EDTA and pelleted through 1.7 M
sucrose. Part of each chromatin pellet was used to extract DNA, the other to extract histones. The
histones were extracted in acid, precipitated with ethanol, then re-dissolved in 10 M urea for electrophoresis. 14C-histones were added for calculations of recovery. (A) was a large ovary, (B) a
medium-sized ovary and (C) a small ovary. The profile of 3H cts/min is not significantly different
from
the 14C cts/min which indicated the full spectrum of histones was synthesized in all three
ovaries.
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culture for 16 hr in the presence of 3Hthymidine and 3H-lysine. After incubation, the ovaries were segregated into
three rough size classes: small, medium,
and large. In the smallest ovaries, up to
77% of total DNA synthesis was rDNA;
the remainder was bulk chromosomal
DNA synthesis from the surrounding
follicle cells. The larger, more advanced
ovaries were less enriched for rDNA synthesis. Chromatin was isolated from each
group by homogenizing the ovaries in 10
mir Tris, pH 8, 1 rail/ EDTA and centrifuging the chromatin through 1.7 M sucrose. Each chromatin pellet was divided
into two portions. To one half was added
14C-labeled Xenopus histones to serve as
carrier and to allow calculation of recoveries. Total histone was then extracted with acid and analyzed by gel
electrophoresis. To the other half of each
chromatin pellet was added 14C-labeled
Xenopus bulk DNA. This portion was
then extracted with phenol-SDS and cen-

i

\
»

10
NO.

15

Fig. 16. Cesium chloride gradients of DNA
The chromatin described in Fig. 15 was treated
with Pronase-SDS, extracted with phenol, and
ethanol precipitated. HC-bulk DXA was added
to calculate recovery' but is not shown on the
graphs. (A) the large ovary had 16% rDNA,
CB) the medium-sized ovary had 25% rDNA,
and (C) the small ovary contained 77% rDNA.

exploratory experiment was performed to
see if the basic proteins associated with
the newly made, inactive rDNA chromatin were significantly different from those
in normal chromosomes.
Ovaries from frogs two to four weeks
post-metamorphosis were placed in organ

PERCENT

RIBOSOMAL

DNA

Fig. 17. Radioactive protein to DNA ratios in
chromatins containing various amounts of radioactive rDNA. Experimental points are data
taken from the experiment shown in Figs. 15
and 16. The lines show the expectation for situations in which the newly made rDNA contains
either the same amount of histone as do bulk
chromosomes (solid line), one-half the amount
(dashed line), or no histones (dotted line).
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trifuged to equilibrium in a CsCl gradient to separate the denser rDNA from
bulk DNA. By use of the 14C-labeled
carriers, it was possible to measure recovery in each case and to calculate the
ratio of labeled histone to labeled DNA
for each chromatin preparation.
The results of one such experiment are
shown in Figs. 15 and 16. Although the
proportion of DNA synthesis which was
of rDNA varied considerably among the
three ovary size classes, the amounts and
types of labeled histones were not detectably different. No dramatic gain or
loss of a basic protein was observed even
in the smallest ovaries where rDNA accounted for 77% of total DNA synthesis.
In Fig. 17, the ratio labeled histone/total
labeled DNA is plotted versus the ratio
labeled rDNA/labeled bulk DNA. Lines
show the expectation for situations where
the newly made rDNA had no histones
on it, had half the normal amount, or had
the same amount as bulk DNA. By this
analysis, the amount of histones on newly
amplified rDNA is not detectably different from that on bulk DNA.
In order to fully interpret this experiment, it would be useful to know more
about histone metabolism in young
ovaries. The chromatin analyzed came
from both oocytes and follicle cells, but
nothing is known about their relative
permeabilities to amino acids, amino acid
pool sizes, or the possible existence of
histone pools. Until more information is
available, the most reasonable conclusion
is that differences were searched for and
were not found. Rather than spend more
time on such an indirect approach, it was
decided to directly examine the rDNA
associated proteins by iodination.
IODINATION
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OF HlSTONES

S. Biroc

In parallel with work on isolating
rDNA chromatin, methods have been explored for directly studying the small
amounts of protein present in the puri-

fied chromatin preparations. The most
promising procedure involves labeling the
proteins with radioactive iodine bo that
they can be detected and studied by
otherwise standard methods. Since little
is known about the accessibility of chro-

f2b
f2a2

E2d

Fig. 18. Iodination of calf thymus histone
under various conditions. Histones were reacted
with 125I and electrophoresed on acrylamide gels.
The gels were then sliced and autoradiographed.
Densitometer tracings of autoradiographs are
shown for histones labeled while (A) dissolved
in 10 M urea, (B) dissolved in Tris-EDTA. (C)
bound to DNA in Tris-EDTA. (D) is a densitometer tracing of a representative stained gel.
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matin proteins to the iodination reaction,
we first undertook the iodination of histones in bulk chromatin as a prelude to
studying them (if present) in rDNA
chromatin.
In the presence oi an oxidizing agent,
radioactive iodine will covalently react
with tyrosyl residues in proteins. Not all
tyrosyl residues are equally accessible, as
their ability to react depends on the conformation oithe protein. Therefore, the
first aim was to determine the relative
reactivity of the various histone tyrosines under several conditions.
The iodination pattern of calf thymus
histones is shown in Fig. 18. The three
conditions chosen were: (A) free histone
in 10 M urea; (B) free histone in 10 milf
Tris. 1 mM EDTA; and (C) DNA bound
histone in Tris-EDTA. In (B) and (C),
the overall labeling patterns are quite
similar. Histone IV (f 2a 1) and lib
2 (f 2 b) are highly labeled, while lib 1
<f 2a 2 1 and III (f 3) are only trace
labeled. Histone I if 1) is not labeled at
all. Under the more denaturing condition
of 10 M urea (Fig. 18A), all of the histones are labeled, and the relative level
of labeling agrees well with the number
of tyrosyl residues in each.
The iodination of calf thymus histone
IV under the three above-mentioned conditions was examined in more detail.
Hi-ronc IV has four tyrosyl residues.
Cyanogen bromide cleaves histone IV at
a single methionyl residue to generate an
v,inf)-dalton amino terminal fragment
that has two of the tyrosyl residues, and
a 2000-dalton carboxy-terminal fragment that has the other two. The 8000dalton fragment has most of the basic
amino arid- in it. Therefore, even though
the overall labeling of histones was similar whether in association with DNA or
not i Fig. 18B and C), one might expect
that closer examination would show that
me IV labels differently under the
two conditions. Figure 19 shows that this
expectation was correct. The ratio of the
8000 to the 2000 peptide is reproducibly

20
SLICE

40
NO.

Fig. 19. Cyanogen bromide cleavage of purified calf thymus histone IV. Histone IV iodinated in (A) 10 M urea, (B) Tris-EDTA, and
(C) bound to DNA was cleaved by cyanogen
bromide in 70% formic acid and electrophoresed
on acrylamide gels, which were sliced and
counted. The fastest moving band is the 2000dalton carboxy-terminal fragment, the center
band is the 8000-dalton amino-terminal fragment, and the slowest moving band is uncleaved
histone IV. The ratio of the 2000-dalton to the
8000-dalton peptide for the three different samples is (A) 1.5:1, (B) 1:1, and (C) 2:1.

different for histone IV iodinated under
each of the three conditions.
These results show that the pattern of
histone iodination is quite sensitive to the
conformation of the protein and suggest
that it is worthwhile to determine the
complete pattern of iodinated tryptic
peptides for each of the histones under
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the three conditions used in Fig. 18. Such
experiments are now in progress.
If histones turn out to be present on
the ribosomal genes, the present work will
make it possible to ask if their conformation undergoes a change when the genes
switch from an inactive to an active state.
Heterogeneity in rDNA

Spacer

Regions
P. K. Wellauer, B. H. Reeder, D. Carroll,
D. D. Brown, A. Deutch, T. Higashinakagawa,
and LB. Dawid

In parallel with our efforts to isolate
rDNA chromatin, we have been looking
for methods of mapping the location of
proteins on the rDNA. One possible wray
to do this is by using bacterial restriction
enzymes to produce specific fragments of
rDNA with their proteins still attached
and to analyze these fragments. However, before using a restriction enzyme
to study chromatin, we felt it was first
necessary to study its action on purified

rDNA. The restriction enzyme we have
been using is Eco R*. Since previous: work
in this Department and elsewhere had
shown that rDNA was composed of very
similar tandemly repeated units, it was
expected that Eco Rr would generate a
set of DNA pieces whose molecular
weights would add up to the repeat, length
of rDNA. Fortunately, rDNA turned our
to be more complicated than expected.
Analysis of that complexity has been
interesting enough to temporarily postpone the protein mapping experiments.
Figure 20 shows electrophoretic patterns of several preparations of rDNA
after digestion with Eco Ri. Each pair
of gel patterns compares somatic and
amplified rDNA from a different individual frog. Every gel contains a prominent
band at 3 X 106. In addition, however,
there are a number of larger bands ranging from 4.0 to 5.9 X 106 whose size and
variety varies considerably from frog to
frog. Since the molecular weights of the
various fragments in any one gel add up

-1-45..68

-4.0

-2.7

Fig. 20. Comparison of Eco Ri digests of rDNA from individual frogs. Somatic and amplified
rDNA were isolated from three separate frogs, digested with Eco Ri restriction endonuclease. and
the fragments electrophoresed on 1% agarose gels. The rDNAs from each frog are grouped together for comparison: S, somatic rDNA; A. amplified rDNA, X, DNA fragments from phage X
produced by endonuclease Hind III and electrophoresed at the same time as molecular weight
markers. Molecular weights of the X fragments are X 1CT6.
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Fig. 21. Secondary structure maps of X. lci€ui$ rRNA, rDNA and Eco Ri fragments of rDXA.
Representative maps are shown for the mature rRNAs and the 4QS precursor; these are aligned
above the maps of three repeating units from long strands of rDXA. The derivation of these
maps is described elsewhere in this Year Book by P. K. Wellauer and I. B. Dawid. Maps of the
Eco Ri fragments are aligned beneath those of the intact rDXA. Arrows indicate sites of Eco Ri
cleavage; the larger fragments are shown in order of decreasing length.

pm

to much more than repeat length, this
strongly suggests that the repeating units
in rDNA are heterogeneous in length.
The location of the heterogeneity and
the sites of Eco Ri cleavage were determined by electron microscopy. Singlestranded rRXA. and rDXA. when spread
for microscopy under the proper conditions, will form secondary structural
loops at reproducible positions along the
molecule. Diagrammatic maps of secondary structure are shown in Fig. 21. At
the top of the figure are maps of three
molecules each of 28S and 18S rRXA
from X. laeiris. Directly beneath are
maps of three molecules of the 40S precursor rRXA. then three repeating units
selected from uncut strands of amplified

rDXA and finally, a number of maps of
the small and large fragments produced
by Eco Ri cutting of rDXA. From these
maps two things are clear: (1) Eco Ri
makes two cuts in each repeat, one cut
about 0.3 X 106 into the 28S gene region,
and another cut about 0.2 X 106 into the
18S gene region. (2) Of the two classes
of fragments produced, the smaller. 3 X
10° class is very homogeneous in size and
secondary structure; the larger fragments
are heterogeneous in length (as the gel
patterns also showed) , but their ends all
look identical. Therefore, they most
likely have heterogeneous lengths of nontranscribed spacer. This was shown to be
the case by forming heteroduplexes between different size classes of large frag-
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Fig. 22. Heteroduplexes formed by reaimealing the larger Eco Ri fragments, (a) A heteroduplex formed by single strands from two different classes of large fragments. This heteroduplex contains one large, and at least one small, deletion loop, (b) Another heteroduplex made by single
strands from two different classes of large fragments. One large, and several small, loops are visible, (a) and (b) are at the same magnification. The black bar represents 0.3 /an.

merits. As shown in Tig. 22. these heteroduplexes have perfectly matched ends
but contain large unpaired loops in the
center where the nontranscribed spacer is
located. Denatured and reannealed small
fragments (3 X 106) were never seen to
have looped out regions. Thus, within the
sensitivity of this technique the gene
sequences are all identical.
These experiments have demonstrated
that spacer heterogeneity exists within
the somatic rDNA isolated from single
ERROR

frogs and that there is considerable variation from animal to animal. Since most
frogs examined have more than two types
of spacer lengths, the clear implication is
that there is heterogeneity within a single
nucleolar organizer. The amplification
process does not appear to introduce any
additional heterogeneity into the rDNA.
The amplified rDXA has been found to
be very similar to somatic rDXA from
the same animal. In one case it was less
complex than the amplified rDXA.

FREQUENCY
IX
5S
RXA
FROM
CELLS
G R 0 W X
IX
5 - B R 0 MODEOXYURIDINE

P. J. Stambrook and R. Williams art.* assisted by D. So?nerriUe and B. Smith

Incorporation of bromodeoxyuridine
I BL'dR i into the DXA of differentiating
cells can suppress the differentiated state
in a number of cell types. The production
of molecules specifically associated with
a differentiated cell type is reduced or
eliminated without significantly affecting
cell proliferation or overall protein syn* Senior Tellow of the Carnegie Institution.
1972—1973 : currently at the Beatson Institute
for Cancer Research. Glasgow.

thesis. Although this effect of BL'dR has
been demonstrated repeatedly, the mechanism by which BUdR acts remains unclear.
Since it is known that BL'dR substitution can induce base mispairing during
replication or transcription, it is reasonable to expect that such pairing mistakes
could result in RXAs with abnormal nucleotide sequences. To examine this possibility, we have compared the nucleotide
sequences of 5S ribosomal RXAs from
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Fig. 23. Separation of 5S RNA: RNA from a ribosomal pellet was brought to 2 M NaCl and left
for 12 hr at 0CC. The resulting precipitate containing mainly 18S and 28S RNA was removed by
centrif ligation, and the low molecular weight RNA remaining in the supernatant was precipitated
with ethanol. The precipitate was taken up in 1 ml 0.05 M KC1 containing 0.1% diethylpyrocarbonate and passed through a 1.5 cm X 90 cm Sephadex G-100 column.

Chinese hamster cells grown in the presence or absence of BUdR. The 5S ribosomal RNA was selected for analysis
since it is a primary product of gene transcription with a known nucleotide sequence. Itis also readily purified (Fig.
23 i.
When Chinese hamster V79 cells were
cultured in the presence of 10~5 M BUdR,
the rate of cell proliferation was no difnt from that of control cultures (Fig.
24 i . Under these culture conditions, the
BUdR was extensively incorporated into
the DNA i Fig. 25 1.
DNA purified from cells grown in
BUdR for 60 hr (about five generations)
= mixed with unsubstitutecl DNA and
centrifuged to equilibrium in CsCl. Unsubstituted DNA banded as expected
with a buoyant density of about 1.70;
DNA which had incorporated BUdR into
both strands banded at a density of about
1.76, indicating that roughly 50% of the
thymine bases bad beer replaced. A trace
amount of hybrid DNA
appears as a

shoulder between the two major peaks.
Incorporation of BUdR into the 5S genes
was demonstrated by hybridization with
3H-labeled 5S RNA, which hybridized
equally well with unsubstituted and
BUdR-substituted DNA.
To determine the nucleotide sequence
of the 5S RNA from BUdR-treated cells,
the RNA was first treated with Tx ribonuclease. The resulting oligonucleotides
were separated by the standard twodimensional cellulose-acetate : DEAE
paper electrophoretic technique (Fig. 26),
and positively identified by alkaline hydrolysis and partial hydrolysis with pancreatic ribonuclease. There was no difference between the two fingerprints
obtained for 5S RNA from normal and
BUdR-treated cells (Figs. 26a, b), both
of which were also identical to the previously established pattern for human,
mouse, rabbit, and rat 5S RNAs. The
oligonucleotides generated from 5S RNA
from BUdR-treated cells appeared in approximately the predicted amount, as-
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Fig. 24. Cell growth in BUdR: A series of 60 mm tissue culture plates were seeded with 105 cells.
After 20 hr the medium in each of the plates was changed. Half of the plates received fresh medium containing 10~5 M BUdR. At subsequent intervals, the cells in duplicate plates were trypsinized and counted in a hemocytometer. Fresh medium, open circles; fresh medium plus 10-5 M
BUdR, crosses.
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Fig. 25. Incorporation of BUdR into DNA:
DXA (40 tig) from cells grown in 10~5 M BUdR
for 60 hr was mixed with 40 ng of unsubstituted
DXA. The sample was brought to 6 ml in CsCl
with a final density of 1.72 and centrifuged for
72 hr at 33.000 rpm in a fixed angle rotor.

sinning that the Chinese hamster 5S RNA
is identical to that of other mammals
'Table 6 I.
Substitution of bromouracil for thymine in the DXA should result in some
replacement of A by G in the RNA transcript. The normal level of many of the
mono- and oligonucleotides generated by
a T, ribonuclease digest of 5S RNA
would be altered by the substitution of G
for A. but in amounts that would be
difficult to detect. The mononucleotide
( I could be generated in 16 different wrays,
and the dinucleotides CG, AG and UG
could likewise be generated by this kind
of substitution. CG would be formed by
replacing A with G at positions 5, 23, and
.58 in the 5S RNA sequence; AG would be
generated by replacement at positions 23,
49. 50, 54. and 101 ; and UG by replacement at positions 83. 101, 103, and 115.
The trinucleotide CUG would be generated bychanging A to G at position 54.
The theoretical increase in the yield of G
and of the di- and trinucleotides can be
estimated, since one knows that roughly
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50% of thymine in the DNA is replaced
by bromouracil, and if one assumes a
misreading frequency of bromouracil at
207c as suggested by Hill, Tsuboi, and
Baserga [Proc. Nat. Acad. Sci, U.S.A.
71: 455, 1974). Given these conditions,
there should be a 1.6 M increase in the
yield of G and a 0.5 M increase in the
yield of AG. Such subtle variations in
the molar quantities of preexisting sequences, however, would fall within the
limits of error of the techniques used, and
would therefore be difficult to interpret.
A more sensitive test for error in the
5S RNA sequences is to look for the
appearance of oligonucleotides not normally present in a Ti ribonuclease digest
of 5S RNA. The sequence UUG is such
an oligonucleotide which would be generated by the substitution of G for A in
position 74. Given 50% substitution of
thymine by bromouracil and a 20% misreading frequency during transcription,
one would expect a 0.1 M yield of UUG
and about 120 cpm in the UUG position.
Although no radioactive spot corresponding to the UUG position in the fingerprint appears on the autoradiogram, the
region to which UUG should migrate was
liberally cut out and counted (Fig. 26).
The region to which AAAG should migrate was treated the same way. This
tetranucleotide should not arise by replacement ofA by G. Of a total of 47,600
cpm recovered, the regions of UUG and
AAAG yielded 39 cpm and 52 cpm, respectively, after subtraction of machine
background counts (20 cts/min). This
corresponds to a maximum of less than
0.03 mole of each of these oligonucleotides per mole of 5S RNA
sequences.
Their actual molar yields are probably
much
lower, since paper background
counts were not subtracted during the
calculation.
The similarity between the 5S RNA
sequences of untreated and BUdR-treated
cells suggests that misreading of BUdRsubstituted DNA during replication of
transcription would occur only at a very
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Fig. 26. Fingerprints of 32P-labeled 5S RNA: 5S RNAs from untreated and BUdR-treated cells
were digested with Ti ribonuclease, and the resulting oligonucleotides were separated by two-dimensional cellulose acetate-DEAE paper electrophoresis, (a) Fingerprint from untreated cells;
(b) fingerprint from BUdR-treated cells.
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TABLE

6. Molar Yields of Oligonucleotides from T, Ribonuclease Digest of 5S Ribosomal
RXA from Colls Incorporating BUdR for 72 hr*
-bg 020
)
Counts
Min

Spot No.
1

AAG

10
(U,C)G
UAG
AUG

1,502
1,345
1 ,097

CCCG
ACCG
AACG

CCUG
UCUG
UUAG
CUUUoh

52
53 — 56

Experimental
Molar Yield

5,673
1.335
1,207
1.292
1,257
1.179
2,476

.u;
re;
CAG

37
50B
51

54
55

Sequence
G
CG

a

3
4
6
8
• 11
12
14
17
20
24
35
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CUAAG
UACUUG
(A,2U,2C)G
AAUACCG
CCAUACCACCCUG
AAAG

1,376
1,191
3,305
1,789
1,409
749
2,231
2,460
7,631
2,465
4,203

Theoretical
Molar Yield
15

14.2
1.7
1.5
1.6
1.0
1.0
2.0
1.3
1.1
0.7
0.9
0.7
2.1
1.1
0.9
0.6
1.1
1.0
0.9
3.2
0.8

3

0.03
0.03

UUG

52
39

*The background subtracted (20 cts/min) is the machine background; paper blanks cut from areas
of the fingerprint where no oligonucleotides were expected to run varied from 30 to 70 cts/min.

low level, if at all. Since the 5S RNA
that was analyzed was obtained from a
functional ribosomal pellet, an alternative interpretation must be considered.
If there exists a mechanism whereby the
cell can recognize and discard faulty
RNAs but allow the processing and funcT E NTATIVE
POPULATIONS
11 A M S T E R

tioning of normal RNAs, one would not
detect any alterations in oligonucleotides
generated by a Tx ribonuclease digest of
ribosomal 5S RNA. Extensive mispairing errors could occur during transcription but would not be evident in 5S RNA
derived from ribosomes.

IDENTIFICATION
OF
5 S GENES
IN
TISSUE
CULTU R E

OFT YV ( )
CHINESE
CELLS

P. ./. Stamkrook, assisted by 1). Somerville and B. Smith

A preliminary study of the genes that
code for 5S RXA in Chinese hamster tissue culture cells was initiated, and the
buoyant density of these genes in CsCl
- investigated. Chinese hamster DNA
from tissue culture cells was centrifuged
to equilibrium in a CsCl gradient which
was then fractionated, and the DNA in

each fraction was denatured and trapped
on nitrocellulose filters in preparation for
hybridization. The RNA probe used to
localize the 5S genes in the gradient was
an iodinated 5S RNA obtained from a
mouse liver ribosomal pellet. Because all
mammalian 5S RNAs so far examined
are very similar, it is possible to use such
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Fig. 27. Hybridization of iodinated mouse 5S R NA to Chinese hamster DNA. Chinese
The DNA
DNA (50 fig) was fractionated in each of 3 para llel CsCl density gradients.
fraction was denatured; trapped on nitrocellulose niters, and hybridized with 125I mouse
(a) Chinese
(3 X 10° cpm in 3 ml) in the presence of the app ropriate competing RNA.

hamster
of each
5S RNA
hamster

DNA (50 fig) hybridized with 125I mouse 5S RNA (3 X i * 10' cpm/3 ml), (b) Chinese hamster DNA
(50 fig) hybridized with 125I mouse 5S RNA (3 X 105 cpm/3 ml) plus unlabeled Chinese hamster
ribosomal RNA (25 fig/m\). (c) Chinese hamste r DNA (50 fig) hybridized with 125I mouse 5S
beled Chinese hamster ribosomal RNA
(25 fig I
RNA (3 X 10s cpm/3 ml) in the presence of unla
ml) plus unlabeled X. laevis oocyte 5S RNA (20 figlmY). Absorbance 260 nm, solid line: radioactivity, dashed line and solid circles.

a heterologous probe in the hybridization
reaction. This probe was chosen to minimize hybridization by contaminating
RNAs. Even though the mouse 5S RNA
migrated as a discrete band when electrophoresed in a 10 % acrylamide gel, the RNA
is almost always contaminated with ribosomal RNA degradation products which
will hybridize effectively to heterologous
DNA. Contamination of this kind is evident from the experiments described in
Fig. 27. When iodinated mouse 5S RNA
was hybridized to Chinese hamster DNA
that had been fractionated in a CsCl
gradient, the RNA hybridized as a large
peak, with a marked heavy shoulder,
slightly to the heavy side of the bulk
DNA (Fig. 27a). When the hybridization reaction was carried out in the presence of unlabeled Chinese hamster ribo-

somal RNA (25 /xg/ml) to compete with
contaminating iodinated mouse ribosomal
RNA degradation products, roughly half
of the radioactivity that had hybridized
was eliminated (Fig. 27b) . The iodinated
RNA that was able to hybridize in the
presence of competing unlabeled ribosomal RNA hybridized as two distinct
peaks, one as a band slightly denser than
bulk DNA and the other as a band in a
very dense region of the gradient (Fig.
27b). Both of these peaks could be successfully competed by hybridizing in the
presence of unlabeled Xenopus laevis
oocyte 5S RNA (20 ^g ml) as well as
unlabeled ribosomal RNA (Fig. 27c) .
To eliminate the possibility that one of
the two peaks of radioactivity is due to
residual hybridization with contaminat-
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Fig. 2S. Localization of ribosomal genes and putative 5S genes in a CsCl gradient of Chinese
hamster DXA. Two parallel CsCl gradients containing 50 Mg/ml Chinese hamster DNA were fractionated. The DXA from each fraction was denatured and trapped on nitrocellulose niters for hybridization, (a)Chinese hamster DXA hybridized with mouse 125I 5S RXA in the presence of Chibamster ribosomal RXA (25 ^tg/ml). (b) Chinese hamster DXA hybridized with 3H ribosomal
cRNA from X. laevis and counted. The fluor was removed and the DXA rehybridized with mouse
I 5S RXA in the presence of Chinese hamster ribosomal RXA (25 /xg/ml). Absorbance 260 nm,
solid line: I23I radioactivity, dashed lines and crosses; 3H radioactivity, solid line and solid circles.

ing iodinated ribosomal RNA, DNA from
the same CsCl fractions was hybridized
first with X. Ineris 3H ribosomal compleitary RNA (cRNA), counted, and
then further hybridized with iodinated
mouse 5S RNA in the presence of ribosomal competitor. Since it is possible to
count l25I without interference from
tritium, the peaks due to hybridization
with iodinated 5S RNA could be detected. Thi- experiment is described in
Fig. 28. Fraction- from two parallel gradient.- were roller-ted. and the DXA from
one was hybridized directly with iodinated mou-'' 5S RNA in the presence of
competing unlabeled ribosomal RXA,
yielding the two expected peaks (Fig.

28a) . DXTA from the second gradient was
first hybridized with X. laevis :{H ribosomal cRNA, and the radioactivity associated with each filter was counted (Fig.
28b). The fluor was removed from the
filters, and the DNA was rehybridized
with iodinated mouse 5S RNA in the
presence of competing amounts of unlabeled ribosomal RNA. Two peaks of
radioactivity due to iodinated RNA were
observed (Fig. 28b). Significantly, the
position of the 3H ribosomal RNA peak
was different from the positions defined
by the iodinated RNA peaks, occurring at
density somewhere between them.
The production of two peaks after hybridization with 125I mouse 5S RNA is
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subject to two interpretations. The first,
and least likely, possibility is that there
exists a contaminating RNA, other than
ribosomal RNA, of mouse origin which is
common to Chinese hamster cells, mouse,
and X. laevis oocytes, and which hybridizes effectively to repeated nucleotide sequences in Chinese hamster DNA. The
second interpretation argues that the
Chinese hamster genome contains at least
two populations of genes which code for
SECONDARY
RIBOSOMAL
RNA

5S RNA but which have spacer regions
of very different G + C content. Such a
finding is not totally unexpected, since it
is already known that in some frogs the
5S genes expressed in oocyte- are different from those expressed in somatic- eell-.
Although final proof is still lacking that
both peaks represent 5S genes, the results
argue strongly that mammals, like frogs,
also possess at least two populations of
genes which code for 5S RXA.

STRUCTURE
MAPPING
OF
BY
ELECTRON
MICROSCOPY

P. K. Wellauer and I. B. Dawid, in collaboration with R. P. Perry* and D. E . Ki Hi y*

We reported in Year Book 72, p. 38, the
observation of a reproducible secondary
structure composed of hairpin loops in
HeLa cell 28S rRNA and its precursors.
This structure was used to map the positions of the mature molecules within their
precursors and to derive a detailed processing pathway for HeLa rRNA. A similar study has been completed with the
rRNAs from mouse L cells and from
Xenopus laevis. Secondary structure
maps were constructed from electron
micrographs of rRNAs and pre-rRNAs
for a detailed comparison of the different
RNA molecules. A few of these maps are
shown in Fig. 21 earlier in this Report in
connection with studies on ribosomal
DNA. The molecular weights of the Lcell and Xenopus rRNA molecules were
determined from their lengths as compared to the length of RNA molecules of
known size. The L-cell RNAs are very
similar in size to the analogous molecules
from HeLa cells (Year Book 72, p. 38),
but the Xenopus rRNAs are smaller
(Table 7). On the basis of secondary
structure maps and molecular weights,
we derived processing pathways for Lcell and Xenopus rRNA. Some similarities and some differences exist between
the precursor RNA molecules and the
pathways in the three organisms studied.
* Institute for Cancer Research, Philadelphia.

Figure 29 summarizes the structural
relations between pre-rRNAs and rRNAs ;
read from top to bottom, these schemes
represent the processing pathways. Although the primary precursors in HeLa
and L cells (45S RNA) are larger than
the analogous molecule in Xenopus (40S
RNA) , the arrangement of conserved and
nonconserved regions in the three precursors isthe same. In all three organisms, the first processing step involves
cleavage at the 3'-end of the 18S region
by removing the 3'-terminal transcribed
spacer segment. The next step in L cells
and Xenopus differs from that previously
found in HeLa cells; in the former two
organisms, 18S rRNA is cleaved off directly, while in HeLa a 20S precursor to
18S rRNA originates. The intermediates
formed by the release of 18S RNA in L
TABLE 7. Molecular Weights of rRNAs and
pre-rRNAs from Xenopus laevis as Determined
by Electron Microscopy

RXA
18S
288
30S
34S
38S
40S

Wt.r ±of S.D..
Mol.
(numbe
moleculXes)10~6
0.67
1.56
1.65
LSI
2.38
2.74

±
±
=b
±
±
±

0.07
0.12
0.08
0.08
0.11
0.20

(164)
(109)
(34)
(26)
(33)
(45)
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P i£T 2U. The processing pathways of rRNA in HeLa cells (top), mouse L cells (middle), and
Xt '
''bottom). The molecules are drawn to scale.

cells and Xenopus (36S and 34S RNAs)
are then cleaved within the transcribed
spacer region.- to yield 32S Cor 30S)
rRNA. These molecules are the immediate precursor- of 28> rRNA and correspond to the 32S RNA molecule of HeLa
cells.

If we assume that the mechanism of
processing is analogous in the three organisms, we may conclude that cleavage at
sites I, II, and III of Fig. 1 are endonucleolytic. The degradation of the 32S
(30S in Xenopus) RNA to 28S RNA may
proceed by endonucleolytic cleavage at
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site IV or by exonucleolytic digestion.
The difference in the pathways of HeLa
cells, as opposed to L cells and Xenopus,
concerns only the order of the second and
third cleavage at otherwise analogous
sites.
The size and shape of the major secondary structure loops at analogous positions of the rRNA molecules in HeLa
cells, L cells, and Xenopus were also
compared. All loops were largest in
HeLa, intermediate in L-cell, and small-

BIOGENESIS

OF

est in Xenopus rRNA. The shape of the
loops within 28S UNA was very similar
in the three animals, but the shapes o:
loops in the transcribed spacer regions
(i.e., nonconserved regions of pre-rRNAs)
differed considerably. This result agrees
with the earlier observations that nucleotide sequences in ribosomal DNA which
code for mature rRNA are highly conserved during evolution, whereas spacer
sequences vary (Brown and Wensink,
Year Book 70, p. 28).

MITOCHONDRIA

/. B. Dawid, C. Kaushagen, D. E. Leister, S. Ohi, J. L. Ramirez, and W. B. Upholt

Our studies on mitochondrial biogenesis
have continued along the several lines
discussed in Year Book 72. The collaboration with Hayden Coon of the National
Cancer Institute is continuing, our aim
being to study in more detail the recombinant molecules of mtDNA that occur in
certain mouse-human hybrid cells. Knowledge of the structure of these molecules
may give information about the process
of recombination in the mitochondria.
Another study is centered on the analysis
of mitochondrial ribosomal proteins in
hybrid frogs. These studies have demonstrated that at least two of these proteins
are coded by the nuclear genome. We
have also pursued the characterization of
mitochondrial nucleic acids in Drosophila.
A major interest in the laboratory has
been the physical mapping of RNA and
DNA molecules. As we have seen, such
studies allow the determination of the
arrangement of genes on a DNA molecule
and the determination of different regions
in a precursor RNA molecule. A comparison of the arrangement of sequences
in analogous molecules from different
species should contribute to our understanding ofmolecular evolution. We have
initiated two studies that should provide
tools useful in such physical mappingstudies. One involves the digestion of
mitochondrial DNA with bacterial restriction enzymes. The other attempts to

covalently attach ferritin to transfer
RNA to allow its visualization in the
electron microscope.
Recombination or Mitochondrial
DNA in Somatic Hybrid Cells
W. B. Upholt, I. B. Dawid, and H. G. Coon*

We are continuing the study of mitochondrial DNA (mtDNA) from hybrid
cells formed by the fusion of human and
mouse cells ( Year Book 72, p. 40 ) . After
extended periods of growth, some hybrid
cell strains have mtDNA that appears to
have undergone recombination and contains sequences from the two parents
covalently linked to each other. We are
now preparing to make a more detailed
study of the nature of these recombinant
molecules.
Previous work has made use of the 8
mg/cm3 difference in the buoyant density
of human and mouse mtDNAs which allows a partial separation of these DNAs
in CsCl equilibrium gradients I Year
Book 72, p. 40). Recombinant mtDNAs
band at intermediate densities characteristic of the ratio of parental sequences
contained in these molecules. To increase
the resolving power of such gradients, we
have studied the effect of the addition of
* National Cancer Institute. Laboratory of
Cell Biology.
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Mitochondrial Ribosomal Proteins in
Hybrid Frogs

/). /•". Leister and I. B. Dawid, with the
assistance of M. Rcbbert
i

O
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Fig. 30. CsCl-Distamycin buoyant gradient
of human and mouse mtDNAs. Gradients (8
ml) of initial density 1.66 gm/cm3 containing
12.5 pg each of total human and mouse DXA
and Distamycin at a molar antibiotic to DXA-P
ratio of 0.22 were centrifuged for 72 hr at 33 K
rpm. 20CC in a Beckman no. 40 angle rotor.
Radioactivity is hybridization of mitochondrial
cRNAs to the DXA in each fraction (see Year
Book 72, p. 40). Circles. 3H-human mt-cRXA ;
crosses. 3:P-mouse mt-cRXA.

the basic oligopeptide-antibiotic Distamycin A to CsCl gradients. This antibiotic binds preferentially to AT-rich
DNAs and decreases the buoyant density
of the DXA. depending on the amount of
antibiotic bound. At a molar input ratio
of Distamycin A to DXA phosphate (P)
of 0.2. the buoyant densities of mouse
and human mtDNAs are decreased about
60 nag cm3, and the separation between
them increases to 18 mg/cm3 (Fig. 30). At
saturation (Distamycin/DXA-P above
1 ..")' . the -hi ft in buoyant density is about
110 mg cm3, hut there is no significant
increase in The separation between mouse
and human mtDNAs over that obtained
at a ratio of 0.2. There is no significant
separation between mouse mitochondrial
and mouse bulk DXA at the antibiotic
concentrations studied. This technique
may be useful for the fractionation of recombinant molecules as well as for determinations ofthe size of the linked
sequences from the parental DNAs.

We reported previously the characterization of mitochondrial ribosomal proteins from Xenopus laeris (Year Book
72, p. 42). Mitochondrial ribosomes are
distinct from cytoplasmic ribosomes in
size, in the nature of their RNA, and in
their response to initiation and elongation factors and to inhibitors. We found
that the proteins in the mitochondrial
and cytoplasmic ribosomes are different
as well. Because of the large number of
mitochondrial ribosomal proteins and the
small coding capacity of mitochondrial
DXA (mtDNA), it seemed highly probable that most if not all of these proteins
are coded by the nuclear genome.
In an attempt to obtain direct evidence
on the site of coding of mitochondrial
ribosomal proteins, we studied these proteins in X. mulleri and in hybrid frogs
obtained by crossing A", laevis and X.
mulleri in both directions. In this study
we used two-dimensional gel electrophoresis, as described in Year Book 72.
The large subunit of the mitochondrial
ribosome in A", mulleri contains four proteins not found in X. laevis and lacks
three proteins which are present in X.
laevis subunits. Additional differences
may exist but were not detected in these
experiments.
Among those seven species-specific proteins, four were derived only from the
mother, that is, the X. laevis specific proteins were present only in 9 X. laevis X
6 X. mulleri hybrids but not in the
reciprocal hybrids. One X. mulleri specific protein was present in both reciprocal hybrids and another X. mulleri protein was absent from both. One X. laevis
specific protein was found only in 9 X.
mulleri X <5 X. laevis hybrids.
It is known that these hybrid frogs
carry nuclear genetic material from both
parents, but their mitochondrial genome
is of maternal origin only (Year Book
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70, p. 44). Thus we conclude from the
present observations that the two mitochondrial ribosomal proteins derived
from the paternal species must be coded
for by the nuclear genome. The four proteins that show the maternal type could
be coded by the mitochondrial genome
but might also be derived from the nuclear genome. If the latter interpretation
is correct, the results would indicate that
these ribosomal proteins associate preferentially with mitochondrial rRNA of
their own species, since this rRNA is
coded by mtDNA and is therefore derived from the mother.
Thus, our experiments described several differences in the mitochondrial ribosomal proteins of two closely related frogspecies and demonstrated the nuclear
location of the genes coding for at least
two of these proteins.
Mitochondrial DXA and RNA
Drosophila

in

C . Kaushagen

In Year Book 72, p. 43, partial characterization of mitochondrial ribosomal
RNA Imt-rRNA) from Drosophila vielanogaster was reported. In preparation
for hybridization studies, mtDNA has
been prepared from adult flies by a
method similar to that used by Peacock
to prepare mtDNA from Drosophila eggs.
Isolated mitochondria from adults were
lysed with 1% Sarkosyl, and the lysate
was adjusted to a density of 1.71 g/ml
with CsCl and centrifuged to equilibrium.
Fractions containing mtDNA were
pooled, Distamycin and CsCl were added,
and the gradients were again spun to
equilibrium. In these Distamycin gradients, the buoyant densities of mtDNA
and mainband DNA differed by about
50 mg/ml; thus, mtDNA free from mainband DNA was obtained (Fig. 31) . Confirming results from other laboratories,
the density of Drosophila mtDNA was
measured at 1.680 g/cm3 (based on E.
coli DNA of density 1.710).
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Fig. 31. Distamycin-CsCl equilibrium gradient separating mainband from mitochondrial
Drosophila DNA. DNA from a mitochondria]
preparation was pooled from CsCl equilibrium
gradients and Distamycin was added in a 1:1
molar ratio to DNA-phosphate. The solution
was then adjusted to 1.6 g/ml with CsCl and
the gradients were spun to equilibrium in a
Beckman no. 40 rotor. Absorbance at 260 nm
was monitored by pumping the gradient through
a spectrophotometer. MtDNA-containing fractions were pooled and the Distamycin removed
by repeated extraction with isopropanol saturated with a saturated solution of CsCl.

mt-rRNA

has been prepared from

Schneider's cultured Drosophila melanogaster embryonic cell line no. 2 grown in
Schneider's Drosophila medium supplemented with 3H-uridine or with 32P04.
The mt-rRNA from cultured cells has
the same properties as the mt-rRNA
from adult flies (Year Book 72, p. 43).
The labeled RNA preparations will be
used for hybridization experiments and
for base composition analysis.
A Method of Physical Mapping of
tRNA Genes ox Mitochondrial DNA
S.Ohi and I.B.Dawid

Mitochondrial DNA (mtDNA) of
Xenopus laevis codes for about 15 tRNAs
\Year Book 69, p. 576). We would like
to map these genes on mtDNA and carry
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out a study of the evolution oi the arrangement oithese genes on mtDXAs of
different animals.
Visualization of tRNA in a hybrid with
DNA depends on the tagging oi the RNA
with a bulky component like ferritin. A
method for the coupling of tRXA to ferritin has been developed by Wu and
I I vidson. For several technical reasons,
\w are attempting to develop an alternative procedure, which is based on generating a mercury-sulfur bond between ferritin and RNA. Dale. Livingston, and
Ward reported a procedure that covalently binds mercury to pyrimidine nucleotides. With a minor modification, this
procedure allowed the mercuration of
tRNA directly. The RNA and radioactive mercuric acetate were incubated for
3 hr at 50CC in 0.01 M Xa-acetate buffer,
/?H 5.0. The reaction product was purified by ethanol precipitation and chromatography on Sephadex G-25. On average, <ach tRXA molecule contained five

INSTITUTION

mercury atoms. The mercury remains
bound to the RXTA after exposure to 10%
TCA, excess SH reagents, and high salt
containing 40% formamide. Figure 32
demonstrates that radioactivity due to
zoajjg migrates at the position of tRXA
(A260) after polyacrylamide gel electrophoresis. This gel also shows that degradation of the RXA during the mercuration is negligible. Complete digestion of
the *J03Hg-tRXA by a combination of
pancreatic RXase, Tl and T2 RXases,
and subsequent high voltage electrophoresis on a paper showTed that the mercury iscoupled to uridine and to a second
component which is probably cytidine.
These experiments indicate that the mercury is covalently bound to the RXA.
Mitochondrial tRXA substituted with
mercury hybridized to mtDXA both in
solution and on filters to approximately
the same extent as unsubstituted tRXA.
A crucial step in the proposed method
is the coupling of Hg-tRXA to ferritin.

20r
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Fig. 32. Electrophoresis of Z03Hg-tRNA on a 9% polyacrylamide gel. The gel was traced in the
ultraviolet (continuous trace) and then sliced, and the distribution of 203Hg determined by liquid
scintillation counting (solid circles). The position of unsubstituted tRNA in a parallel gel is indicated by an arrow.

DEPARTMENT

OF

EMBRYOLOGY

50 r

51

Fig. 33. Kinetics of coupling of tRNA-Hg-S-Bl to ferritin. 1.5 nmoles of Hg-tRNA labeled with
3H-uridine (Sp. Act. = 4 X 105 cpm//x,mole tRNA) were preincubated with 100 nmoles of SH-B1
in 0.15 M triethanolamine-HCl buffer, pH 8.0, at 25 °C for 2 hr. Ferritin (13 nmoles) was added
and the incubation continued at room temperature. At the times indicated, aliquots were removed
and the ferritin and ferritin-tRNA complex were precipitated with ammonium sulfate at 50c/c of
saturation. The radioactivity in the pellet was then determined. All data were corrected by subtracting the radioactivity which pelleted when the same amount of 3H-tRNA (not Hg-substituted)
was incubated with ferritin and processed as above (5-7% of input tRNA).

Even though some of the SH groups in
ferritin were expected to react with the
mercury in tRNA, no effective coupling
was observed. Therefore, Hg-tRNA was
first reacted with the bi-functional reagent 4-mercaptobutyrimidate (SH-BI)
and this adduct was then reacted with
ferritin. The mercapto group appears to
react with the mercury in the RNA, leaving the butyrimidate group free to react
with primary amino groups in the ferritin. Kinetics of coupling of tRNA-HgS-BI to ferritin are shown in Fig. 33.
Although the coupling appears satisfactory, the method is not yet ready for
application, since the mercury-sulfur
bond is not very stable and dissociates
after dilution. Procedures to stabilize the
complex are being explored.
Digestion of Mitochondrial DNAs
with Restriction Enzymes
J . L. Ramirez

A study was initiated of the digestion
products of several animal mitochondrial
DNAs
(mtDNAs)
with bacterial site-

specific endonucleases (restriction enzymes). Information on the pattern of
digestion of these DNAs should be of
great help in molecular mapping studies
and in experiments on the evolution of
sequences in animal mtDNA.
The two enzymes used are Eco Ri and
Hind III, which had also been employed
in studies described earlier in this Report.
Each enzyme cleaves DNA at specific
hexanucleotide sequences; these sequences have been determined in other
laboratories. The fragments produced by
digestion of mtDNAs with these enzymes
were analyzed by electron microscopy
and by gel electrophoresis. Both methods
allow the determination of the number
and the size of fragments obtained. The
results (Table 8) show that different
mtDNAs yield a different number of
fragments. The molecular weights of
these fragments add up to a sum close to
the molecular weight of the original
mtDNA, which A^aries between 10 and
11.4 X 106 in these species. This suggests
that all fragments were found, with the
possible exception of very small ones.
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mtDNA

A - nopus laevis

X. h:
X. h:
\
A

A'.
mouse
mouse
rat

- mvUeri
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by Restriction Enzymes

Molecular Weighl of Fragments

Hi Ri

Kn/vme

A

H

RiR
i

9.7
9.8
5.6
LSI

1.37
L.35

Hind III

4.4

Ri 111
Hind

3.0

Ri
Hind III

10.4
9.1
4.7
6.05

sheen

C

1.37
1.8
1.91

2.0
4.50
4.2
2.4

2.0

1.5
1.2
2.6

0.45
2.05

1.87

Ri*

D

1.0

E

0.55
1 .55

F

Sum

Method

11.07
11.15
10.52
11.28
10.40
10.65

gelf

E.M.

E.M.*

11.9
1.29

0.32

10.75
10.96

1.5
9.42

gel
*E.M.: The DNA fragments were spread, shadowed, and photographed in the electron microscope.
Their length was measured and the molecular weights determined by comparison to an internal
gel
standard of SV40 DNA.
gel
I '■<• ! electrophoresis was carried out in 0.6% agarose gels or in composite gels containing 0.5%
:iLr:ii«>>r and 1 to 1.5% polyaervlamide. Molecular weights of DXA fragments were estimated byel
comparison to fragments of X DXA obtained by digestion with Hind III endonuclease. The moleculargel
g
weights based on gel electrophoresis are only approximate; they are quoted as a description of thegel
fragment pattern rather than as an accurate measurement of the size of the native molecules.
gel

These data support the conclusion mtDNA from any one species of animals
reached earlier by several laboratories on is a homogeneous population of molethe basis of different experiments that
cules.
IX T E R A C T I0 N
W IT H

OF
MA

PHOSPHOLIPID
VESICLES
M M ALIAN
CELLS

I: . V. . Pagano, L. Huang, and C. Wey,* with technical assistance of E. Asch and W. Duncan

An important recent addition to our
current understanding of the molecular
organization of membranes is that the
structure of the membrane is dynamic,
with the component phospholipid molecules providing a viscous two-dimensional phase in which membrane macromolecules are free to diffuse laterally,
This property of membranes has been
scribed as "fluidity." Thus it has become increasingly clear that the role of
membrane lipid.- may be considerable—
both in maintaining a suitable local environment or fluidity for particular membrane protein, and in contributing to the
spatial organization of membrane
ele-

ments through lateral phase separation
of membrane lipids. Recent studies with
model systems and with fatty acid requiring bacterial mutants have given significant insight into these questions.
While the principles of membrane organization deduced from studies of primitive forms have been useful in formulating some of our current concepts of

membrane organization, it is still unclear
how much of the data relating lipid
structure and membrane function is applicable to animal cell membranes, which
are known to be exceedingly complex
compositionally as well as functionally.
In order to examine the general role of
membrane fluidity in membrane organint of Biophysics, The Johns Hop- zation
♦Departmerity.
and function, it is necessary to
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Fig. 34. Transmission electron micrographs of: (A) Multilamellar F-I vesicles prepared from
egg yolk lecithin (EYL). (B) Unilamellar F-II vesicles prepared from EYL. (C) Chinese hamster
V79 cell interacting with F-I vesicle prepared from EYL. (D) Multilamellar vesicle undergoing
fusion with a V79 cell. (E) Thin section of unilamellar dioleyl lecithin vesicles incubated with
V79 cell, pretreated with cationized ferritin. (F) Multilamellar form found in nucleus of Y79 cell
incubated with F-II Dimyristoyl lecithin vesicles. Bar is 0.5 fi.
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have a technique that will permit the
controlled manipulation oi membrane
lipid composition. The experiments outlined below on the interaction oi phospholipid vesicles with cultured cells were
undertaken with this goal in mind.
Phospholipid vesicles (liposomes) were
prepared by ultrasonic irradiation of
omatographically pure, radioactively
labeled phosphatidyl cholines (lecithins)
oi known specific activities and fractionated by gel permeation chromatography
into multilamellar (F-I ; > 1000 A diam.)
and unilamellar (F-II; ^ 500 A diam.)
fractions. Transmission electron micrographs of F-I and F-II vesicles are seen
in Figures 34 A and 34B. respectively.
When cells bathed in a simple balanced
salt solution are incubated with such
vesicles, they rapidly incorporate radioactivity from either fraction, radioactivity which cannot be removed by extensive trypsinization and washing. Table 9
summarizes the results obtained for a
variety of primary cells and for cells
cultured from several cell lines when incubated with unilamellar vesicles preTABLE 9. Effect of Cell Type on Incorporation
of Radioactively Labeled Phospholipid from
Unilamellar Vesicles
Molecules
Phosphatidyl
Choline/Cell
Cell Type
Primary Cells:* (CBA mouse)
Spleen
Bone marrow
Macrophage
T cells
Thymus
Lymphoblasl
Cell him
Chinese hamster] V79
Mouse, L 020
Mouse, 3T3 (density inhibited)
Mouse, 3T3 exp. growth)

"Incubation carried
lecithin vesicles for 30
flncubation
lecithin
vesicles carried
for 70

1.6

x 10-7
8.2
5.4
3.8
7.7
26.3
32
200
358
515

oul al 2°C with o^k yolk
min.
out at 37°C with dioleyl
min.
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pared from either egg yolk or dioleyl
lecithin. It is seen that a considerable
amount of phospholipid is taken up on a
per cell basis — enough in some cases to
completely cover the cell with a biomolecular leaflet of the exogenously supplied lipid. At present, however, it is not
known where the foreign lipid is actually
located in the vesicle-treated cells; nor
are the molecular details of the mechanism of incorporation completely clear.
Therefore, we cannot be certain whether
the observed differences in phospholipid
incorporation among cell types represent
simple differences, such as differences in
the surface areas of each cell type, or
whether the uptake experiment is probing
more subtle membrane properties. It is
hoped that a full understanding of the
molecular mechanism underlying the
uptake process will provide an answer to
this question. To simplify our approach
to this problem, the detailed studies on
mechanism presented below have been
confined to one cell type, the Chinese
hamster V79 cell line.
The time course of incorporation of
phospholipid from F-II dioleyl lecithin
(DOL) vesicles into V79 cells at 2° and
37°C is shown in Fig. 35. These data
show that the initial rate of uptake of
phospholipid is high (^~10s molecules/
cell/min) but approaches a limiting
value after about a 1 hr incubation
period. Cells remain completely viable
in vesicle suspensions 1 inM in phospholipid for periods of incubation as long as
8 hr, provided that at the end of this time
the liposome suspension is removed from
the cells and fresh medium reapplied to
the culture dish. After a 1 hr period,
about 20-30% of the phospholipid taken
up by the cells appears in plasma membranes isolated from vesicle treated cells.
Also associated with treated cells was an
increased number of myelin-like bodies
that appeared with the membranes of
mitochondria, endoplasmic reticulum, the
nucleus (Fig. 34F), and other organelles.
This presumably reflects an internaliza-
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Parameters Influencing Phospholipid
Vesicle— Cultured Cell Interactions
Of all the variables falling into this
category which have been examined to
date, the most striking is the influence of
cell density on the uptake process. The
results of an experiment in which DOL
liposomes were incubated for 1 hr with
V79 cells at different cell densities is
shown in Fig. 36. It is seen that cells
present at very low densities incorporate
about an order of magnitude more phospholipid than cells near confluence (22.5
X 108 molec. DOL/cell ^103 cells/cm2
vs. 2.2 X 108 molec. DOL/cell ^4 X 105
cells/cm2 ) . No essential differences were
found for cells grown in culture with
daily renewal of medium vs. controls in
which no fresh medium was added over

60
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Fig. 35. Uptake curves for Diolevl lecithin, F-II vesicles
37°C.

tion process which the cell uses to compensate for the addition of foreign lipids
to its surface.

50

incubated with V79 cells at 2°

and

the 72 hr period required for growth of
the cultures used in this experiment.
While the cell line used for these studies
does not exhibit contact inhibition of
growth, the difference in uptake for cells
grown to different densities presumably
must reflect some change in the surface
properties of the cell which is density dependent. Several possible explanations
for this observation, including density dependent changes in the surface morphology of the cell, are presently under investigation.
To examine the influence of lipid fluidity on the uptake process, the incorporation of phospholipid into V79 cells from
vesicles prepared from diolevl lecithin
and dimyristoyl lecithin (DML) has
been compared. This pair was chosen because the gel-liquid crystalline phase
transition temperatures for DOL | — 20°)
and DML (+25°) are very different.
Thus, vesicles prepared from DOL will be
in a fluid, liquid crystalline state at both
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Fig. 36. Effect of cell density on the uptake of Dioleyl lecithin, F-II vesicles incubated with V79
cells at 25 °C for 1 hr.

the 2° and 37° used in our uptake experiments, whereas DML vesicles will be in
a fluid state at 37° and in a relatively
solid or gel phase at 2°C. Table 10 summarize- the uptake data obtained for
these two different lecithins. Although
phospholipid from DOL vesicles is more
TABLE 10. Enfluence of Phase Transition on
the Uptake <>i Phospholipid Vesicles by
V79 Cells

Temp.,
(

2

'47

for uptake, the physical state of the exogenously supplied phospholipid has a
very significant effect. As the detailed
molecular mechanisms responsible for the
uptake process become more clear, we
hope to understand these observations in
terms of current ideas about membrane
fluidity.

Molecules Phospholipid/Cell*
Dioleyl
Dimyristoyl
Lecithin
Lecithin

3.75 /
8.6 /

effectively taken up by cells at 37° than
at 2° , the opposite is true for DML vesicles— about 65% more DML is incorporated into cells at 2° than at 37 °C. This
effect is even more pronounced if it is
considered that the normal reduction of
uptake for vesicles over this temperature
interval in the absence of a phase transition is about 45%. Thus it is concluded
that whatever the mechanism responsible

6.8 X
4.1 / HP

The
*l-hour incubation period.

of radioactively

labeled

phospholipid from F-II vesicles by V79

10s

109

uptake

10s
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cells is completely insensitive to the presence of various metabolic inhibitors. This
is seen in the data presented in Fig. 37 in
which the number of DOL molecules incorporated ina cell after a 1 hr incubation is, within experimental error, identical for experiments carried out in the
absence of any inhibitor (Gey's), or in
the presence of either 30 ml NaNa or
0.5 mM DNP. This observation holds
true for experiments carried out at both
2° and 37 °C and for vesicles prepared
from a variety of other phospholipids.
Cells treated with glutaraldehyde prior to
uptake showed a slight diminution in the
amount of DOL taken up after a 1-hour
incubation, as is also seen from the data
in Fig. 37. These observations suggest
that the incorporation is not an energy
dependent process.
The influence of divalent cations on
the interaction of vesicles with cultured
cells has also been examined.
The bal-

GEYS

Na N3
GEYS +

anced salt solution (Gey's) in which all
the above experiments have been carried
out contains 2.5 mM Ca" and ] mM
Mg+\ Figure 38 shows the effect of omitting these ions, separately and together,
from the incubation medium. For DOL
liposomes incubated with V79 cells al
either 2° or 37°, it is seen that the presence of Ca++ stimulates the uptake, Mg
inhibits the process and that these effectare independent and additive. The addition of EDTA at 5 mM (not shown)
stimulates the uptake a few percent
above control levels in Gey's alone. These
effects suggest that an enzymatic reaction
might be partly responsible for the uptake process. It is well known, for example, that many phospholipases show
ion requirements similar to those found
here, and it is quite possible that the
phospholipid uptake requires as a first
step the local production of lysophosphatides in the membrane.
Experiments de-

GEYS +
DNP

GA
TREATED

Fig. 37. Effect of metabolic inhibitors and pre treatment of V79 cells with glutaraldehyde (GA)
on the uptake of dioleyl lecithin liposomes at 2° and 37 °C. Incubation time is 1 hr.
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Fig. 38. Effect of divalent cations on the uptake of DOL liposomes by V79 cells at 2° and 37°C.

signed to further test this notion are in
progress.
Possible Mechanisms of Phospholipid
Vesicle-Cultured Cell Interactions
At present, it seems most likely that at
least two and perhaps three processes are
responsible for the uptake of radioactively labeled phospholipid from lipid
vesicles by cultured cells. These are: ( 1 )
actual fusion of the phospholipid vesicles
with the cell, (2) an exchange mechanism
in which phospholipid molecules from the
vesicles and plasma membrane of the cell
are interchanged without a net transfer
of phospholipid molecules to the cell, and
f 3 1 an adsorption mechanism in which
exogenous phospholipid from the applied
vesicle suspension is adsorbed either to
specific sites (e.g., lipoprotein-like
moieties on the cell surface) or nonspecifically, resulting in a net transfer of
phospholipid to the cell.
In order to test the possibility of vesicle-cell fusion, unilamellar vesicles were
prepared by ultrasonication of 14Cdioleyl lecithin in Gey's salt solution containing 3H-inulin as a marker for the
aqueous interior of the vesicle. Subsequent chromatography of the vesicle suspension of Sepharose 4B permits a sep-

aration of the vesicle suspension
containing trapped 3H-inulin from free,
untrapped inulin. The doubly labeled
vesicle suspension was then used to carry
out an uptake experiment as described
above. It is assumed that if vesicles are
actually fusing with the cells, then the
contents of the phospholipid vesicle
should be voided into the cytoplasm of
the cell; hence the ratio of 3H-cpm to
14C-cpm found associated with the cell
should be that of the applied liposome
suspension if 100% of the phospholipid
enters the cell by a fusion mechanism.
Figure 39 shows the results of such an
uptake experiment carried out at 2° and
37 °C. The dashed line was calculated in
each case from the measured amount of
3H-inulin at each time point multiplied
by the applied ratio of 14C/3H in the
applied sample. It thus represents the
amount of 14C-dioleyl lecithin that
should have entered the cell if the uptake
process is exclusively a fusion mechanism. It is seen that at 2°C roughly 11%
of the phospholipid entering the cell enters by fusion, whereas at 37 °C almost
70% of the observed uptake can be accounted for by this mechanism. The remaining phospholipid must enter by some
other pathway, such as phospholipid exchange or adsorption as described above.

59
DEPARTMENT

OF

EMBRYOLOGY

To test the possibility that an exchange
mechanism and/or adsorption process
also play a role in the observed uptake,
unilamellar vesicles were prepared from a
1:1 molar ratio of 14C-cholesterol and
3H-dioleyl lecithin. A fusion mechanism
would require the two components to enter the cell in the same ratio in which
they were present in the membrane of the
vesicle, whereas in an exchange or adsorption mechanism, cholesterol and
lecithin would probably enter at different
rates depending on their relative affinities
for the vesicle and plasma membranes
and their relative solubilities in the aqueous medium, as well as other parameters.
The results of an uptake experiment at 2°
and at 37 °C are shown in Figure 40 A
and 40B, respectively. The dashed line
represents the amount of 14C-cholesterol
relative to lecithin which should have
been observed had the two components
entered the cell in the same ratio as the
applied sample. It is seen that at
disparity between the expected
served amounts of cholesterol
substantial, whereas at 37 °C,
and cholesterol enter the cell
nearly the expected ratio. This

2°C the
and obis very
lecithin
in very
result is

consistent with the experiments cited
above which suggests that at 37 °C a
fusion mechanism dominate'.-; the uptake
process, whereas at 2°C .some other process is responsible for the observed lipid
incorporation.
Figures 34G and 34D are transmission
electron micrographs of thin .section- of
Chinese hamster V79 cells incubated with
multilamellar F-I vesicles prior to fixation
in glutaraldehyde. While these micrographs do not in themselves prove that
vesicle-cell fusion is part of the mechanism responsible for the observed uptake.
they are quite consistent with such a
notion. Particularly in Figure 34D, it is
possible to see both the outermost lamella
of the F-I vesicle continuous with the
plasma membrane of the cell as well as
smaller, inner vesicles which were contained in the F-I vesicle entering the cell.
Figure 34E is an electron micrograph of
a V79 cell (pretreated with cationized
ferritin) which was incubated with a suspension of unilamellar vesicles. Many
such vesicles appear to be fusing with the
cell surface again in support of the mechanism proposed above. We haA'e not
ruled out the possibility, however, that

300
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20 30 40

50 60

Fig. 39. Uptake curves for V79 cells incubated at 2°C and 37 °C with F-II vesicles prepared from
14C-dioleyl lecithin containing 3H-inulin trapped in their aqueous interiors. Dashed line represents
the theoretical amount of phospholipid which should have entered the cell if the uptake were
exclusively by a fusion mechanism.
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Fit:. 40. Uptake curves for V79 cells incubated with F-II liposomes prepared from 3H-dioleyl
lecithin and I4C-cholesterol in a 1:1 molar ratio. (A) at 2°C. (B) at 37°C. Dashed line represents
amount of 14C-cpm which should be found if lecithin and cholesterol enter at the same rates.

this appearance
represents a ferritininduced artifact.
While the detailed mechanism of interaction of lipid vesicles with mammalian
cells is not yet completely resolved, we
have determined that significant amounts
of foreign phospholipids and cholesterol
can be added to the cell, and that alterations in the lipid composition of the
plasma membrane of intact cells using
STUDIES

OX

MUSCLE

the vesicle system described here are possible. It will be of considerable interest
to examine how the altered fluidity of the
cell membrane affects the physiology of
the cell and ultimately, through the use
of compositionally more complicated
vesicle systems, perhaps even its state of
differentiation. It is hoped that these will
be subjects for future contributions to
this Report.
FIBER

MEMBRANES

b M. Fambrough, P. N. Devreotes, and A. K. Ritchie, with technical assistance of
N . Joseph and W. Duncan
ACETYLCHOLINE RECEPTORS
SKELETAL MFSCLE FIBER
MEMBRANES

IN

Acetylcholine (ACh) receptors are of
special interesl to us, both as membrane
proteins and as elements figuring prominently in neuromuscular interactions. In
previous years iYear Book 70, p. 29;

Year Book 71, p. 50), we have reported
on the appearance of ACh receptors during muscle development, the production
and incorporation of ACh receptors into
the surface membranes of myotubes and
their subsequent degradation, the clustering of ACh receptors at newly formed
neuromuscular junctions both in vitro

DEPARTMENT

OF

EMBRYOLOfJY

and in vivo, the number and distribution
of ACh receptors in adult rat skeletal
muscle fibers, the time course of change
in these parameters following denervation, and the altered number of ACh receptors in humans with myasthenia
gravis. During the past year, we have
continued investigations along these lines,
exploring physiological aspects of receptor function, examining further the biosynthesis and degradation of ACh receptors, obtaining more accurate estimates
of ACh receptor density on denervated
muscle fiber membranes, and studying
ACh receptor distribution in humans with
the neuromuscular disorders congenital
myotonic dystrophy and amyotrophic
lateral sclerosis. This report omits studies
on neuromuscular disorders, in which
conclusions would be premature. We have
continued to use two very different assays
— iontophoresis and intracellular recording (Year Book 68., p. 53), and a-bungarotoxin binding (Year Book 70, p. 62)
— to measure receptor function and the
number of receptors, respectively.

4
TT_T^r^
T7vm„, JUNCTIONAL
l^XTRA

^
a r^u -d
ACh
RECEPTOR

-^
Density in t^
Denervated -d
Rat
-r^
Diaphragm

D. M. Fambrough
Following denervation, skeletal muscle
fibers in adult vertebrates return to a
more embryonic state, reacquiring a high
level of ACh sensitivity along each muscle fiber surface, even at great distance
from the former neuromuscular junction,
Using 125I-labeled-a:-bungarotoxin and
autoradiography, we reported {J. Gen.
Physiol., 60, 248, 1972) upon the distribution of ACh receptors in denervated rat
diaphragm, the number of receptors per
unit area of surface membrane, and the
relation between these values and corresponding ACh sensitivities of the muscle fibers determined by iontophoresis,
The calculations involved two assumptions which (in light of new findings)
were probably not correct: that the em-
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ciency of grain production was 0.5 grain
per disintegration during radioauto
raphy of skeletal muscle fibers to which
125I-a-bungarotoxin is bound, and that
specimen preparation did riot, alter surface area significantly,
During the past year we obtained
measurement of muscle fiber circumferences, using muscle fixed by perfusion of
anesthetized rats and imbedded in plastic
and sectioned perpendicular to the muscle
fiber long axis. Using these values together with measured fiber lengths, good
estimates of surface area can be made.
Such estimates were made for diaphragm
muscle fibers of control rats (approximately 300 grams, male, Sprague Dawley) and for diaphragms denervated up
to 14 days. Diaphragms from a similar
set of rats were placed in organ culture
and incubated with 125I-c*-bungarotoxin
to saturate all extra junctional ACh receptors. Unbound toxin was removed by
extensive washing in medium overnight.
Then the muscles were fixed in glutaraldehyde, stained for acetylcholinesterase
to reveal neuromuscular junctions, and
that did not conportions of muscle
the
. .
.
tarn
neuromuscular
were ana.
,„
,.
,. ./i unctions
«
lyzed for radioactivity. Samples were cut
/
J
to
a uniform fiber length
ofJ 2 mm and
small groups of muscle segments were
teased apart, the number of fibers in each
segment was counted at 150 X or 500 X
magnification after flattening the segment under a cover slip, and each segment was then digested in 10 p\ of nitric
acid in a sealed ampoule at 110°C for 15
minutes. The entire contents of each ampoule were placed in a vial with an
aqueous-compatible scintillation cocktail
and radioactivity was measured by scinfiliation spectrometry. From the radioactivity counts, number of fibers in the
sample, average fiber segment surface
area and the specific activity and counting efficiency of 125I-«-bungarotoxin, caldilations were made of a-bungarotoxin
binding sites (ACh receptors) per unit
area of muscle fiber surface. The data
are tabulated in Table 11.
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11. Muscle Fiber Circumference, Extrajunctional Acetylcholine Receptor Density,
and Acetylcholine Sensitivity oi Denervated Rat Diaphragm
Ac etylcholine
Dei

Receptor
isity (a-bungarotoxin

Days
Denervated
0
2
4
7
10
14

binding
j*ms
muscle sites
surface)
\m ± standard error
of the mean)

Muscle Fiber
Circumference (jum)
mean)
129. S
141.9
135. 8
135.7
150.5
120.1

(600)*
200)
* 200)
(400)
(50)
U00)

<6 ± 2
(m< 13 ± 2
142
302
502
635

±
±
±
±

12
19
25
29

Acetylcholine Sensitivity
(mV n coul)
(mean ± standard error)

(10)t
(10)
(20)
(17)
(20)
(32)

<0.01
37 ±
<0.01
112 ±
189 ±
310 ±

9
13
18
36

•Number of fibers measured. 50 to 200 fibers were measured per rat.
"Number oi samples. Seven to 10 samples were analyzed per rat.

The values of ACh receptor density in
Table 11 are about 30%-40% of values
estimated previously by radioautography
and are probably more accurate, since the
two assumptions mentioned above need
not be made. Table 11 also contains data
on acetylcholine sensitivities of denervI muscle fibers measured previously
by iontophoresis and intracellular recording. There is a nonlinear relationship between receptor density I a-bungarotoxin
binding sites per /xm2l and acetylcholine
sensitivity (depolarizing response to acetylcholine per unit acetylcholine applied
to the fiber i. From these data ACh receptor density (o-) and ACh sensitivity
are related by the equation a =
kS - This equation is similar to one
eloped from a simple model by Kahn
and LeYaouanc, assuming no cooperativity between ion channels.
The besl possible values of ACh receptor density in denervated muscle merabranes are needed for comparison with
data from freez< -fracture studies of these
membranes, for a quantitative picture of
ptor function in relation to acetylcholine "noise" studies, as a basis for
interpreting chemosensitivity measurets, and as pari of a quantitative picture of ACh receptor metabolism (see
below i .

Biosynthesis and Degradation of
Acetylcholine Receptors
P. N. Devreotes and D. M . Fambrough

Last year we reported {Year Book 72,
p. 50) that degradation or "turnover"
of ACh receptors could be followed by
measuring the release of radioactivity
into the culture medium after 125I-abungarotoxin was bound to ACh receptors on cultured chick muscle. We
reported that most of the released radioactivity was low molecular weight material representing proteolytic degradation
of the toxin.
The low molecular weight material has
been further characterized by chromatography on Bio-Gel P-2 (Fig. 41) . Most of
this material chromatographs together
with mono-iodotyrosine. The major component was purified and chromatographed on silica gel thin-layer chromatography sheets in n-butanol: acetic acid:
water (4:1 :1) and moved with an Rf of
0.53, the same as monoiodotyrosine. The
1251 -a-bungarotoxin from which this
radioactive moiety arises contains 97%
mono-iodotyrosy] and 3% di-iodotyrosyl
residues in the polypeptide chain. These
can be released as free amino acids by
proteolytic degradation with pronase and
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Fig. 41. Chromatography on Bio-Gel P-2 of radioactive material released from chick myotubes
after 32T-a-bungarotoxin was bound to ACh receptors. Fifteen chick muscle cultures were plated
at 10° cells/100 mm dish and cultured in complete medium for 5 days. After incubation with 125I-abungarotoxin and extensive rinsing to remove unbound toxin the cultures were incubated at 37 °C
for 16 hr in Hepes buffered balanced salt solution. The medium was removed and centrifuged at
low speed to sediment cell debris; the supernatant was lyophilized, dissolved in 4 ml of distilled
water and applied to a Bio-Gel P-2 column 1.0 X 30 cm and eluted with 0.05 M ammonium acetate, pH 5.0. The column was calibrated with markers as indicated. One-ml fractions were collected.

presumably by intracellular proteases in
the myotubes.
The kinetics of release of radioactivity
during 125I-a-bungarotoxin and ACh receptor degradation are illustrated in Fig.
42. Release is a first-order process, suggesting that toxin-receptor complexes are
degraded in a random process such that
"new" and "old" ACh receptors have
equal probability of being degraded. The
kinetics of release are similar for rat and
chick myotubes in culture (Fig. 42) and
for denervatecl rat diaphragm skeletal
muscle fibers in organ culture (Fig. 43).
It was important to prove the identity
between degradation of toxin with concomitant release of radioactivity and degradation of receptor to which the toxin

had been bound. A single semi-quantitative experiment was described last year.
We have now done experiments that
firmly establish the identity. These experiments were on cultured chick muscle
poisoned with 10 /xg puromycin ml to
block receptor biosynthesis but permit
continued degradation of receptors.
Under these conditions (3 hr to 9 hr after
addition of puromycin), no new ACh receptors appear in the plasma membranes.
This can be shown by blocking all ACh
receptors with unlabeled a-bungarotoxin
3 hr after puromycin treatment has begun
and then challenging the myotubes with
12rT-a:-bungarotoxin immediately or 6 hr
later. There is no difference in the
amount
of radioactive toxin that will
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Fig. 42. First order kinetics of degradation.
Five six-day-old cultures grown on 35 mm
dishes were labeled with 125I-bungarotoxin,
washed, and returned to 2 ml of complete
medium (F12). All operations were carried out
sterilely. At each of the indicated times, the 2
ml of F12 was removed and was replaced by an
additional 2 ml of fresh F12 medium. After the
medium was centrifuged to remove cellular
debris. 1 ml of the supernatant was counted and
the other 1 ml was analyzed by column chromatography. After the medium had been removed
for the last time point, the myo tubes were extracted with 19c triton to determine the number
of remaining 125I-bungarotoxin-ACh-receptor
complexes. The total amount of degradation at
each time was expressed as a fraction of the
total number of receptors labeled at the beginning of the experiment. The largest deviation
from the mean of the set of 5 cultures at any
given time point was 89c. Rat, open circles;
chick, closed circles.

bind (about 1.5% of the control value).
This experiment suggests that release of
radioactivity as toxin is continually being
degraded over this time period parallels
ACh receptor degradation. Otherwise,
when toxin is proteolytically destroyed,
ACh receptor sites should be revealed and
more 125I-a-bungarotoxin should bind.
An experiment to quantitatively compare the rates of release of radioactivity
and disappearance of ACh receptors was
then performed as follows. A large number of identical chick muscle cultures
were treated with 10 fig puromycin/ml,
which remained in the medium through-

INSTITUTION

out the experiment. Three hours later,
half of the cultures were incubated with
^•"T-a-bimgarotoxin, and all cultures
were rinsed so that unbound toxin was
removed. Then for the set of cultures
exposed to radioactive toxin, the release
oi radioactivity into the medium was
monitored. For the cultures not exposed
to toxin, the total number of acetylcholine receptors was measured on five
culture plates at regular intervals. The
data from one such experiment are presented in Fig. 44. The loss of radioactivity and the loss of ACh receptors occur
at indistinguishable rates. The experiment not only confirms the identity between release of radioactivity after 125Ia-bungarotoxin has bound to ACh receptors and the destruction or inactivation
of the receptor sites, but it also shows
that a-bungarotoxin does not change the
normal rate of receptor degradation. If it
did, then the two lines in Fig. 44 would
have different slopes.
Last year we reported that ACh receptor turnover (measured as release of
radioactivity from chick muscle cultures
treated with 125I-a-bungaro toxin) was
very sensitive to temperature, was partially blocked by dinitrophenol and fluoride, and was relatively insensitive to colchicine,cytochalasinB, protease inhibitors
and inhibitors of protein synthesis. These
parameters and others have been further
investigated. Dinitrophenol at 5 X 10-4
without fluoride will inhibit degradation
by about 90%, while fluoride at 10"3 M
has no inhibitory effect of its own, suggesting that oxidative phosphorylation
and not glycolysis provides the energy
for the protein degradation. The temperature sensitivity of degradation is quite
steep with virtually no degradation at
20°C (see Fig. 46) . The Q10 for degradation is about 8. The protease inhibitor,
pepstatin, which inhibits the purified
major lysozomal enzyme, cathepsin D,
does not affect degradation. However,
pepstatin probably does not penetrate
into cells. Degradation is sensitive to pH

DEPARTMENT

OF

65

EMBRYOLOGY
T

CD
O
<D
(/>

in

a
o
o
o

TIME

(hr)

Fig. 43. Release of radioactivity from extrajunctional regions of denervated rat hemidiaphragms
after 125I-a-bungarotoxin was bound to ACh receptors. The left hemidiaphragms of 4 rats were denervated. days
6
later, 9 fig 125I-a-bungarotoxin were injected into the thoracic cavity of each rat
(100—110 g). Three hr later, right and left hemidiaphragms were dissected and placed in organ culture pinned to stainless steel grids and incubated in Trowell T-8 medium containing 19r horse
serum and gassed with 95% 02, 5% C02. Each hemidiaphragm was cultured in a separate dish
with 4 ml of medium which was circulated by gentle, continuous rocking of the cultures. The medium was changed at 4 or 5 hr intervals. All of the medium removed from each culture was counted
in a gamma spectrometer, and the tissue was also counted at the end of the experiment. For each
experimental point the radioactivity released by or remaining bound to the innervated control
hemidiaphragm was subtracted from values for the matched, denervated hemidiaphragm. These
procedures are essentially the same as those reported by Berg and Hall {Science, 1S4. 473. 1974).
Each point plotted in the figure is the average for the four hemidiaphragms. The half-time for release of radioactivitv is about 24 hr.

and to the concentration of protein in the
medium (Table 12). The pH effect is
probably an effect of external pH on the
state of the cells and not an effect directly
on a protease. The bovine serum albumin
(BSA) effect may be a protective effect
of protein on intracellular degradation or
may involve an actual reduction in the
rate of removal of toxin-receptor complexes from the plasma membrane.
The capacity of broken cells and of isolated cell membranes to degrade 125I-o:bungarotoxin-receptor complexes to produce iodotyrosine is small or negligible

(Table 13). Conditioned medium from
myogenic cell cultures contains no proteolytic activity against toxin-receptor
complexes. Thus, it appears that intact
cell structure is required for destruction
of surface acetylcholine receptors by
endogenous proteases.
All the data on the sensitivity of degradation of ACh receptors to various
experimental manipulations are consistent with a model of degradation in which
a-bungarotoxin-receptor complexes are
internalized by the myotubes in an endocytotic process and then rapidly de-
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Fig. 44. Equivalence of degradation and loss of receptors. Two sets (30 cultures and 24 cultures)
of identical 6-day cultures, grown on 35 mm dishes, were pretreated with 20 ^g/ml puromycin for
3 hr. One set of 30 cultures (triangles) was saturated with 12T-bungarotoxin for the last 30 min of
the 3 hr pretreatment. All of the cultures were then washed in tricine-buffered Hanks-BSA medium.
The cultures were then returned to the incubator in medium containing 20 fxg/m\ puromycin, exfor 6 labeled cultures which were immediately extracted as the 3 hr time point. Before each
of the indicated time points. 6 cultures from the set that had not been initially saturated with 125Ibungarotoxin (circles) were labeled for 30 min. At each of the time points, these 6 cultures and 6
from the set that had been initially labeled were washed and then extracted and counted. The
lines drawn wore fit to the data by least-squares linear regression and the error bars indicate standard deviation from the mean. (Error bars are omitted from the degradation curve for ease of illustration.)

stroyed by proteolysis with diffusion of
1-" I -tyrosine out
into that
the
medium. We have of
beentheablecells
to show
the cells are readily permeable to Ityrosine and that 12rT-tyrosine is not incorporated to any significant extent into
proteins.
Degradation of ACh receptors is a
process not tightly coupled either to synthesis or incorporation of receptors into
plasma membranes. This can be demonstrated by treating the cells with puromycin, which blocks protein synthesis
within 30 seconds, block- incorporation
after 2-3 hr but does not block degradation even after 16 hr (Fig. 45). Further-

more, the temperature dependence of
degradation differs from that of synthesis
and incorporation (Fig. 46). The net
accumulation of ACh receptors by growing myotubes at different temperatures is
the difference between the curves in Fig.
46, as has been verified by direct measurements. Optimal temperature for receptor accumulation is, as expected,
around the normal growing temperature
for the cells.
Unexpectedly, the rate of ACh receptor
degradation does not change with development of the myotubes (Table 14) . The
rate of receptor turnover expressed either
as the percentage of receptors degraded
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TABLE 12. Effects of Bovine Serum Albumin
and pH on ACh Receptor Degradation
Treatment

pH 5.0
pH 6.0
pR 7.2
pH 8.0
pH 9.0
BSA (g/100 ml)
0
0.1
0.5
5.0
2.0*

% of Control Rate

34
100
54
88
77
118
127
100
89
73

Chick muscle cultures were plated at 1 X 105
cells/35 mm culture dish and cultured in complete medium at 36°C for 5 or 6 days. Degradation was measured as release of radioactivity
into the medium after 125I-a-bungarotoxin was
bound to ACh receptors. Degradation was measured over a 6 or 8 hr period at 37 °C in medium
lacking serum and embryo extract and buffered
with Hepes instead of bicarbonate. Control
medium contained 0.5% BSA. pH was adjusted
with HC1 or NaOH.
*Native BSA and denatured, lipid-extracted
BSA are equivalent.

per hour (approx. 3%) or as the half -life
of receptors in the plasma membrane
(approx. 24 hr) is also similar from one
species (chick) to another (rat) and for
embryonic muscle in tissue culture and
for denervated adult muscle (Figs. 42
and 43).
The rate constant for degradation of
acetylcholine receptors is apparently unrelated tothe rate at which the cells grow.
During the early stages after fusion of
myoblasts into multinucleated myotubes,
there is a rapid increase in myotube surface area and an increase in density of
acetylcholine receptors. At late stages in
culture, the number of acetylcholine receptors remains constant or even decreases, and the surface area of the myotubes apparently does not change. Yet
the rate constant for degradation is
always about .03 hr-1. Therefore, the
adjustment in rates of incorporation and
degradation cannot be due to an increase
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in the rate constant for degradation.
Either (1) the rate of synthesis and incorporation of receptors slows down or
(2) the rate of degradation (i.e., total
sites degraded per unit time, not the rate
constant) reaches a level equal to that of
incorporation. The second possibility
leads to certain testable theoretical
predictions. If a constant number of receptors were incorporated into the plasma
membrane per unit time while the rate
constant for removal of receptors did not
change, then for a single cell, the time to
reach the half-maximal receptor number
would depend only on the rate constant
for removal of receptors from the surface
and be independent of the rate of incorporation. This time to reach half -maximal receptor number for a single cell
would be about 22 hr. The effect of nonsynchronous fusion of myoblasts into
myotubes is to increase the apparent
half-time. The shortest half-time
possible would be when all the
myoblasts fuse at the same time, and that
half-time could not be shorter than 22 hr.
Therefore, the second possibility would
be ruled out if half-times shorter than 22
hr could be obtained. Experiments along
this line are in progress.
We previously reported that inhibition
of protein synthesis by cycloheximide
failed to block regeneration of acetylcholine sensitivity by rat myotubes after
ai-bungarotoxin treatment until cycloheximide had been present for 2 hr. (Similar data for inhibition by puromycin are
shown in Figure 45). The absence of inhibition during the first 2 hr suggests there
exists a presynthesized "pool" of bindingsites not readily accessible to extracellular labeling by a-bungarotoxin. We have
now succeeded in solubilizing and partially characterizing the a-bungarotoxin
binding sites in this "pool." When all the
surface bungarotoxin binding sites are
first saturated with unlabeled bungarotoxin and then a 1% Triton X-100 extract of the myotubes is prepared, a new
set of a-bungarotoxin binding sites can

t^

CARNEGIE

TABLE

INSTITUTION

13. Degradation oi a-Bungarotoxin-Receptor Complexes in Cell Homogenates
ami [solated Membranes

Incubation

Method of Preparation
1 1)* Homogenization in 800 m.l/
Bucr - 5 m U K( "N. pB 7. 1
Supernatant from 1000 \ (/.
10 min centrifugation
M Same as I La) except
particulates were washed
3 times in Fll by centrifugation
at 50.000 \ a. 15 min

Conditions

complete medium plus
plus
5 m.l/ ATP

complete medium

5 mM

37°C, \]A hr

Pellet from 20.000 X g, 15 min
centrifugation after addition of
1 m.l/ EDTA.
3)* Homogenization in Fll
(Dounce homogenizer, "A" Pestle).

lodotyrosine
Produced

I-Tvr Production
Rate Constant,

300 m.l/ sucrose
5 m.l/ KCN, pll 7.4
37°C 24 hr

2
Nitrogen cavitation, 800 psi
ib 250 m.l/ sucrose, 2 m.l/ MgSO,.
Tris pH 7.4. 2 m.l/ XaX,.

%

37°C, 16 hr
37°C, 16 hr
37°C, 7 hr
37°C, 7 hr

hour-1

<

.6%

<1%
1.4%

<.0008

<.0005
.002

^Before homogenization, chick muscle cultures were incubated with 125I-bungarotoxin and washed
to remove unbound l25I-bungarotoxin.
fThe vesicles produced by nitrogen cavitation were labeled with 12r,I-a-bungarotoxin in suspension,
and unbound bungarotoxin was removed by repeated centrifugation. In every case the entire incubation medium was made 1% in Triton X-100 and analyzed for I-Tyr by Bio-Gel P-60 chromatography.
:
at I-Tyrosine was calculated as the proportion of radioactivity eluting in the included fractions.

•ted. This new set of binding sites,
labeled in solution with 125I-a-bungarotoxin and freed of unbound toxin by chromatography on Bio-Gel P-60, has been
examined by several physical criteria, usiij'_r 1;1I-a-bungarotoxin-surf ace-receptor
complexes as an internal marker. The
majority of the new sites are indistinguishable from surface receptors by
velocity sedimentation in sucrose gradi3. Both the surface and Triton X-100
3< ; sites have an S value of 10. The
binding of bungarotoxin to the 10S component iscompletely blocked by 10"3 M
tubocurarine.
The d-tubocurarine-probable binding sites of the pool are indistinguishable from surface receptors by
electrophoresis in polyacrylamide gels
and by column chromatography on BioP-60 and P-300.

Incubation of myotubes in 0.1 /xg/ml
ce-bungarotoxin for 30 min saturates the
major population of surface ACh receptors and renders the myotubes physiologically insensitive to ionophoretically applied ACh. After such an incubation, the
pool of ^-bungarotoxin binding sites, as
demonstrated above, contains about 40%
as many sites as were originally saturated. This pool, however, consists of two
different sets of ACh receptors. One of
these sets consists of precursors of surface receptors; the other set consists of
''cryptic" receptors. If cultures are incubated overnight in medium containing
a-bungarotoxin, then the remaining pool
of a-bungarotoxin binding sites is about
10%— 15% as many as there were easily
saturable surface ACh receptors. Despite
the large reduction in pool size resulting
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pearance; ofnew sites in the plasma membrane after addition of puromycin to the
culture medium. The size of the precursor
pool goes to zero as; incorporation of new
receptors into the surface membrane
ceases.
There is still a largo population of
cryptic sites after incorporation has
ceased in the presence of puromycin or
cycloheximide. Thus, these sites do not
exchange with the readily available surface sites. If they did, it would appear
that incorporation were continuing.
All of the cryptic and precursor sites in
the pool are present on particulate matter
larger than microsomes, as judged by
sedimentation experiments with muscle
homogenates. We do not know the subcellular localization of the pool compo-

from overnight incubation in ai-bungarotoxin, the cells maintain the capacity to
insert new ACh receptors into their surface membranes for 2 to 3 hr in the presence of cycloheximide. That fraction of
the pool which can be labeled by incubation overnight with ce-bungarotoxin is
thus not a set of precursors for surface
receptors, and we term these sites
"cryptic." The other set of a-bungarotoxin binding sites in the pool is equal in
number to the sites that can appear on
the surface in the presence of cycloheximide or puromycin.
To verify the precursor nature of the
pool sites remaining after overnight incubation of cultures in a-bungarotoxin, we
measured the kinetics of disappearance
of these sites and the simultaneous ap-
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Fig. 45. Inhibition of incorporation by puromycin. Two large sets of cultures were treated with
cold a-bungarotoxin to block all ACh receptors on their plasma membranes. One set (open circles)
was incubated in Fll and the other (closed circles) in Fl containing 100 /xg/ml cycloheximide.
Before each of the indicated time points, 5 cultures from each set were saturated with 123I-bungarotoxin for 30 min to determine the number of new ACh receptors. Plotted are the means of values
obtained from 5 cultures.
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nents, but preliminary experiments indicate that the pool and surface receptors
can be partially separated by subcellular
fractionation.
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The goals of our studies on ACh receptor metabolism are to elucidate the mechanisms involved in membrane biosynthesis and turnover and to more clearly
define the control mechanisms which operate in regulation of chemosensitivity in
skeletal muscle. With regard to the first
goal, the mechanisms involved in membrane construction and destruction are
almost surely qualitatively the same for
cells in tissue culture and for cells in vivo.
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then it might be possible to "expose"
these binding sites by treatments that do
not rupture the cell membrane. In an
effort to expose that portion of the "pool"
which is labeled by overnight incubation
of myotubes in medium containing abungarotoxin, we have unsuccessfully
tried treating myotubes with .001% trypsin, 20 jug/ml collagenase, hypotonic
shock
X-100. (75 m osmolar), and .01% Triton

3.40

(|/°K)

FiLr. 46. Temperature dependence of incorporation and degradation. Upper: Degradation
curve — A large set of cultures (25) was saturated with 123I-bungarotoxin, and unbound 125Ibungarotoxin was removed. Five cultures were
then incubated in 2 ml of Fll at each of the
indicated temperatures for 6 hr. Loss of radioactivity from the cultures was then assayed and
the rate of degradation per hr at each temperature was calculated. Incorporation curve — A
large set of cultures (24) was saturated with unlabeled bungarotoxin. and the unbound bungarotoxin wa> removed. Four cultures were then
incubated at each of the indicated temperatures
for 8 hr. All the cultures were then saturated
with 12SI-bungarotoxin for 45 min at 22 °C, unbound 5"I-bungarotoxin was removed, and the
rate of incorporation of new receptors into the
plasma membrane per hr at each temperature
was calculated. Lower: Degradation is plotted
as log rate constant vs. I/T. The slope of the
straight line through these points is —10,800
degrees, which corresponds to an activation energy of 50.3 K cal.

TABLE

14. Rate of ACh Receptor Degradation
as a Function of Culture Age

Age ofdays
Culture,

Rate of Degradation,

3
4
5
6
7
8
9
13
10

.040
.023
.026
.035
.035

22

.032
.028
.030
.023
.027

hr"1

Chick muscle cultures were plated at 1 X 105
cells per 35 mm culture dish and cultured in F12
at 36°C. Degradation was measured as the
fraction of radioactivity released into the
medium per hr after 125I-«-bungarotoxin was
bound to ACh receptors in chick muscle cultures.
Degradation was measured over a 6 or 8 hr
period at 37°C in Fll medium.
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With regard to the second goal, however,
we are aiming for a more quantitative
description of in vivo events as well.
From the work of a number of physiologists, we know the approximate time
course of changes in chemosensitivity
during maturation of neuromuscular connections and following denervation of
adult muscles. Both instances involve
large changes in the number of ACh receptors per unit area of muscle fiber surface membrane. The mechanisms involved in these changes certainly include
the basic mechanisms of ACh receptor
biosynthesis and turnover. Even in our
present state of ignorance, we can speculate with a small measure of confidence
that the expression of extra junctional
chemosensitivity follows activation of
the genetic apparatus concerned with
extrajunctional ACh receptor structure,
and the subsequent biosynthesis, incorporation into the plasma membrane and
turnover of extrajunctional ACh receptors. This probably happens both during
myogenesis and following denervation.
Conversely, upon innervation the slow
disappearance of chemosensitivity probably results from a depression of ACh
receptor biosynthesis together with continued receptor turnover. A turnover
half-time of 24 hr is quite compatible
with present data on the time course of
chemosensitivity changes reported so far.
Passive Electrical Properties of the
Rat Myotube Membrane
A. K. Ritchie
Last year it was reported that a gradual change in the relative Na+ to K+
permeability ratio of the membrane from
0.4 to 0.05 was responsible for the increase in resting membrane potential
(Em) with age. It was also reported that
changes in internal ion concentration,
particularly K+, were probably insufficient to account for the membrane potential change. This has now been confirmed
by direct measurement of the internal

71
Na+ and K' content of myotubes by flame
photometry usinrr l4C-inulin as an extracellular marker. The mean Kt and Na<
were 153 ± 5 u\M (Mean standard
error, N = 6) and 16 ± 5 mil/ (N =6),
respectively, and remained constant between 3and 9 days of age.
The passive electrical properties of
the membrane were also studied as a
function of development for two reasons:
(1) to determine if the low Em of the
young, and therefore smaller, myotubes
were due to the large pXa/pK ratios as
claimed, or were actually the result of a
proportionately larger leakage shunt
produced when small myotubes are impaled by microelectrodes and 12 I to determine whether the changes in the pXa
pK ratio are due to a decrease in pXa. an
increase in pK or an increase in both pNa
and pK at unequal rates. The latter can
be determined from measurements of the
specific membrane resistance, which is a
function of the number and magnitude of
conducting channels per unit area of
membrane.
The electrical properties are summarized in Table 15. Membrane potentials
were measured through an intracellular
microelectrode. The input resistance
(Rin) wTas determined by measuring the
voltage displacement in response to hyperpolarizing current injected into the
cell through a second intracellular microelectrode. The Rin was determined from
the mean of at least four responses in the
hyperpolarizing direction, except where
indicated, and only when a plot of voltage vs. current produced straight lines.
The specific membrane resistance (Rm)
was estimated by assuming that the myotubes were behaving essentially as
spheres with little decrement in current
throughout the length of the fiber. In
such a case, Rm = Rin X surface area of
the cell. For this purpose, short myotubes
of simple geometry were chosen. The surface area of each cell was estimated from
polaroid photographs by dividing the cell
into a series of right cylinders and cones.
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Membrane time constants (Tm) were
taken as the time necessary to reach 0.63
of the maximum voltage displacement in
response to a hyperpolarizing current.
For these measurements the maximum
voltage change was generally between 20
and 25 mV. The specific membrane capacitance (Cm ) was calculated from the relationship Tm = Rm X Cm. Despite an
increase in the mean Em from — 23 in
3-day myotubes to — 47 in 7-day myotubes, the Rm and Cm remained relatively constant. If substantial damage
had occurred in the younger myotubes,
this would be reflected by smaller Rm
and Cm as compared to the larger, older
myotubes. Relatively large membrane
potentials can also be measured in very
small cells provided that they have been
given sufficient time to differentiate (bottom row. Table 15 ) . This was accomplished byplating cells at low density in
the presence of 1 ij.M of cytosine arabinoside. Since cytosine arabinoside kills
dividing cells, the index of fusion in these
cultures is very low. Very large Em's
1—54 ± 2 mV. N = 20) can also be
measured in myoblasts of the L6 clonal
cell line indicating that the low Em in
young myotubes is a property of the state
of development of primary culture and
not an artifact of impalement damage.
If myotubes are largely permeant to
only Xa and K ions, then an increase in
K permeability or a decrease in Xa
permeability would be reflected by a decrease or increase, respectively, in Rm
with age. Even if the membrane permeability to Cl-ions were substantial, this
would probably not completely mask the
effect of a nearly 10-fold change in the
permeability ratio on changes in Rm with
age if only the K permeability or if both
the permeability to Xa and K were increasing during this period of time. By
similar reasoning, a selective decrease in
Xa permeability alone would probably
not result in a constant Rm with age.
This, however, assumes that the Clpermeability of the cell, if any. remains

constant. The most likely interpretation
for the decrease in the pNa/pK ratio
with age is therefore an increase in the K
channel density or unit conductance
along with a concomitant decrease in the
Xa channel density or conductance.
Ionic Properties of the ACh Receptor
in Rat Myotubes
A. K. Ritchie

Activation of ACh receptors in skeletal
muscle produces a transient local increase
in membrane permeability to Xa and K
ions. This causes the membrane potential to depolarize toward the ACh reversal potential. Last year it was reported that the ACh reversal potential
(Er) of the cultured rat myotube was
near zero and remained constant throughout the maturation of the myotube. The
value of Er in the adult frog muscle is
accurately predicted by Equation 1 when
measured at 20 CC in a wide variety of
external Xa" and K* concentrations:
Er— [EK+ (AgrNa AgK\ESa]
[l + AgNaj A^k]"1
(1)
Where EK and Ey& refer to the K" and
Xa" equilibrium potentials, and Ac/Xa A#K
is the ratio of the Xa" to K" conductance
change. The reversal potential of cultured rat myotubes is — 2.6 mV in media
containing 5.3 mM external K+ (K0> and
136 mM external Xa" (Na0). According
to Equation 1. this corresponds to a
A0xa ^9k of 1.46. a value not very different from the value of 1.29 reported for a
number of adult animal species including
the frog and rat.
Last year the validity of Equation 1
for describing the ionic properties of the
ACh receptor of rat myotubes was assumed. This year the applicability of
Equation 1 in a wide variety of external
media was tested for rat myotubes and
the results are presented in this report.
Since the ACh receptor in adult muscle
is impermeable to anions such as CI", it
is reasonable to suppose that the ion
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calculated values of Er predicted by
Equation 1 (Fig. 47, dotted line). In this
case, the XaCl content in the media was
replaced by sucrose to maintain isotonicity. When the NaCl content is replaced
by Tris-Cl the changes in Er are markedly suppressed (Fig. 47, open circles).
The results indicate that the receptor

c
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CONCENTRATION

100
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Fig. 47. E ■ was measured in media of varying
N
by method? previously described (Year
Book 72, p. 62K Isotonicity was preserved by
replacing XaCl with sucrose (closed circles) or
Tris-Cl (open circles). The external K+ concentration was 5.3 mM. The dotted line represents
the calculated values of Er using equation 1 in
which A<7X,/A(7K = 1.46. The solid line was calculated from equation 2 with pXa/pK = 1.10,
= 16 mM, and Kr = 153 m.V. Internal
ion concentrations were determined by flame
photometry. Each point represents the mean ±
standard deviation. The number adjacent to
point represents the number of myotubes
mined.

channels contain negatively charged per
meability filters or binding sites for Na
and K". A similar situation exists in culed myotubes, since the mean reversal
j«+
bential obtained in normal medium
containing 144 mM CI" (—2.6 ± 1.7 mV,
N = 13 1 was identical to that obtained in
medium where the CI" content was completely replaced by sulfate ions (—3.0
± 2.0 mV. N = 6i. Values are reported
as the mean ± S. D.
If the reversal potential is measured in
media of varying Na04 (Fig. 47, closed
circles i. the results are very close to the

may be permeable to Tris+ ions. Alternatively, Tris may influence the relative
ionic selectivity of the receptor in favor
of Na+ ions.
Figure 48 illustrates changes in Er
obtained when the external K+ concentration is varied at two different concentrations of external Na+. Unlike adult muscle, Er under these conditions clearly does
not resemble the calculated values predicted by Equation 1 (dotted line). The
results, however, do agree with the theoretical line determined by Equation 2:
„
RT . K0+ (pNa/pK) Na0
t r = -=- In
(2)
K*+ (pNa/pK) Na,
where R, T, and F are universal constants
that have their usual meaning. The subscripts and
i
o refer, respectively, to the
internal and external concentrations of
the ions indicated, and pNa/pK represents the relative Na+ to K+ permeability
ratio. Equation 2 is the Goldman constant field equation, which accurately
predicts the resting membrane potential
of a wide variety of cell membranes, including the rat myotube. For comparison, the values of Er predicted by Equation 2are also indicated in Fig. 47 by the
solid line for changes in external Na+.
Although the variation in Er for myotubes bathed in media of different K0+
differs from results obtained for the adult
frog or rat muscles under usual conditions, ithas been reported that the ionic
properties in these preparations can be
influenced to behave in a manner similar
to that observed for the rat myotube.
These conditions include low temperature, partial a-bungarotoxin blockade,
and activation of receptors with the cholinergic agonist suberyldicholine in place
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Fig. 48. Er was measured in media of varying K0 at an external Na+ concentration of 136 mM
(closed circles) and 46.mil/ (open circles). At 136 mM Na0+, K0+ was varied by adding solid KC1.
At 46 mM Na0, isotonicity was maintained by addition or removal of sucrose. The dotted lines
were calculated from equation 1 where AgrNa/AgK = 1.46. The solid lines were calculated from
equation 2 for two different values of pNa/pK. This was necessary since the response of Er to Na*
does not obey equation 2 in which a constant pXa/pK ratio is assumed. The pXa/pK ratio was 1.10
for 136 mM Na, and 1.75 for 46 mM Na. Other details can be found in the legend to Fig. 47.

of acetylcholine. It has been proposed
(Dunin-Barkovskii, V. L., S. A. Kovalev,
L. G. Magazanik, T. AY. Potapova, and
L. M. Chailachjan, Biofizika, 14, 485,
1969) that these conditions or agents
have in common the ability to stabilize
the agonist-receptor complex and to prolong the mean open time of a single channel. It was further proposed that under
normal conditions, the channel open time
is of such a short duration that channel
conductance does not represent an equilibrium situation and hence does not necessarily change as external ion concentrations change. Thus, AgNa/AgK remains constant and Er is determined
solely by the equilibrium potentials for
Xa and K as predicted by Equation 1.
As mean channel open times are increased, the channel conductances can
vary in proportion to changes in external
ion concentration and thus satisfv the

theoretical assumptions implicit in the
derivation of Equation 2.
To test this hypothesis, various agents
suspected of altering mean channel open
times were tried on rat myotubes. Information obtained by others from analysis
of ACh endplate current noise indicates
that decreases in temperature can cause
substantial increases in the duration of
the mean open time of a single channel.
A decrease in temperature from 37 °C to
15 °C failed to shift the response of Er of
myotubes bathed in media of varying external Xa concentration from Equation 1
to Equation 2 (Table 161. Although the
effect of partial a-bungarotoxin blockade
on mean channel open time is not known,
treatment of adult rat muscle with the
toxin reportedly shifts the response of the
Er from Equation 1 to Equation 2. When
myotube receptors were similarly treated,
no differences were noted in the response
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16. ACh Reversal Potentials in Media of Varying External Na or K+ Concentrations
Er (mV)
Na0
(milf)
Condition
K0 (milf)

ACh potentials were
measured at 15°C.
ACh potentials were measured
at 37°C after partial
o-bungarotoxin blockade.
Potential changes were
measured at 37°C with
Decamethonium as agonist.

136

5.3

20.3

5.3
5.3

469.2
136
46

5.3
5.3
50
0.44
5.3
9.5

136
136
136

-3.0 db 2.5 (5)
-29, -33
-49, -41

-4,0
-20,
-16 -1, +1, -1
-3, +2,
-8, -9.5

-1, -1, -4
-2, -1

Isotonicitv was maintained by adding sucrose to the medium.

to external Na4 (Table 2) as compared to
controls (Fig. 47, closed circles). It
should be noted, however, that the effect
oi temperature and alpha bungarotoxin
on adult muscle has been reported only
for K" ions.
Efforts were then directed towards returning the Equation 2 predicted response
to external K" observed in myotubes back
to the Equation 1 response normally
found in the adult receptor. To do this,
ACh receptors were activated with decamethonium, apartial agonist which has
been shown by analysis of ACh noise to
decrease the mean duration of channel
open time. A comparison of these results,
which are presented in Table 16 with results shown in Fig. 48, indicates that both
ACh and decamethonium produce similar
responses in rat myotubes.
Although failure to alter the behavior
of Er by the methods indicated does not
necessarily represent evidence against the
hypothesis proposed by Dunin-Barkovskii et al.. some positive results would
have indicated that the differences observed between rat myotubes and adult
receptors were related more to the microenvironment of the receptor than to
the properties of the receptor itself. Positive results might also have greatly enhanced the appeal of ascribing the types
of responses observed to the duration of
channel open times. However, since mean

channel open times for individual ACh
channels have been shown by noise analysis to be reasonably long, greater than 1
msec in duration at room temperature, it
is more likely that some other time independent constraint is responsible for the
constant AgNa/AgK ratio observed in
media of varying K0+ and Na0+. For example, the constraint might be a receptor
in which the Na+ and K+ profiles in the
membrane were fixed by the number of
binding sites for these ions. Such a simplistic model, however, cannot account
for conversion to a channel in which the
K+ ions in the membrane were suddenly
allowed to vary in proportion to the external K+ ion concentration.
Another alternative might be a channel whose conductances are determined
by variable permeabilities to Na+ and K+.
In rat myotubes, the Na+ to K+ permeability ratio would be a variable function
of only the external Na+ concentration,
since changes in Er to external K+ obey
the Goldman equation which assumes
constant permeabilities. However, in
adult skeletal muscle, where Er obeys the
Goldman equation for neither Na0+ nor
K0+, an additional site must be proposed
which would also allow the concentration
of external K+ ions to control the relative
permeability ratios. Such a site might be
absent or inaccessible in cultured myotubes and inaccessible in adult skeletal
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17. ACh Reversal Potentials at 37 °C
in Media of Varying 75 H
Er
6.4 pH
7.04
8.3
8.9

1.2 db 2.2

3.0 ± 1.7
1.8 ± 2.5
-1.9 d= 2.2

16 mil/ Hepes was used as buffer. Results are
expressed as the mean ± standard deviation for
5 different myotubes at each pH.

muscle under conditions that cause the
receptor to obey Equation 2.
Mallart and Trautmann {J. Physiol.
234: 553, 1973) have recently shown that
an increase in the external pH produces
a progressive shift in the Er of the adult
frog endplate receptor from — 15 mV toward the K+ equilibrium potential. A
maximum near — 50 mV is reached between pH 8 and 9.5. The authors suggest
that the apparent selective increase in pK
is due to an increase in the number of
fixed binding sites for K+, with very little
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change in the number of binding sites for
Na. This could occur if the Na* and K~
ions moved through separate channels
and if the pKa of ionizable groups of the
Na+ channel were outside the range of
7?H tested. Examination of Er in cultured
rat myotubes between pH 6.4 and 8.9 did
not reveal any noticeable change in Er
(Table 17). The reason for this additional difference in the behavior of the
ACh receptor in cultured myotubes as
compared to adult frog muscle may be
related to differences in the accessibility
of the ionizable groups within the channel
of OH" or H+ ions. Alternatively, the
change in Er observed by Mallart and
Trautmann may not be due to a change
in the number of charged binding sites
for K+ but to a titration of ionizable
groups located near the entrance to the
channel that is capable of influencing the
ionic selectivity of the receptor. In this
case, it would be appropriate to assume
that the same site in cultured myotubes
is either absent or unexposed.

INTERACTIONS IN THE REGULATION
HUMORAL ANTIBODY PRODUCTION
J. F. Albright and K. Ozato, in collaboration with J . W . Deitchman*

The stimulus for maturation and proliferation ofimmunocompetent lymphoid
cells is provided by foreign antigens. In
preparation for biosynthesis of specific
antibody molecules toward many antigens, orderly interaction of three distinct
types of lymphoid cells is required. The
accessory (A) cells and thymus-derived
(T) cells are involved in selective stimulation of the immature immediate precursors (B cells) of antibody-producing
cells (PFC). In adult mammals, B cells
are derived from ancestors in bone marrow. Decline in number or function of any
or all of the three cells could account for
* Gerontology Research Center, National Institutes of Health, Baltimore City Hospitals.

homeostatic regulation of humoral antibody levels that attend antibody responses to acute stimulation by antigen.
Homeostatic control is reflected, for example, in the transition from logarithmic
increase to plateau phase in the typical
antibody response profile. Regulation is
further revealed by the fact that only a
fraction (<10%) of the total immune
potential of an animal to a given antigen
is involved in maximum acute response
by the intact animal (Makinodan, T. and
Albright, J. F., Progr. Allergy, 10, 1,
1967). The regulatory events probably
involve production of specific and or
nonspecific humoral suppressor substances as well as selective cellular interactions that limit immune responses. A
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Fig. 49. Antibody production by varying
numbers of unfractionated (open circles) donor
spleen cells or by adherent (triangles) and
nonadherent (squares) populations of spleen
cells adoptively transferred to cyclophosphamide-suppressed recipients. Unfractionated cells
transferred into splenectomized. cyclophosphamide-treated recipients (closed circles) also
shown.

description of our approach to understanding regulation of humoral antibody
production is presented here.
It is established that neither the adherentAd
i i nor nonadherent (Nad) populations of spleen cells is capable of humoral
immune response when cultured alone in
vitro iClaman. H. N. and Mosier, D. E.,
Progr. Allergy, 16, 40, 1972). The two
populations are separated by differential
adsorption to plastic or glass surfaces.
Ad cells fail to generate humoral antibody when adoptively transferred to
irradiated, syngenic recipients. We have
found, however, that both Ad and Nad
populations give substantial humoral responses when adoptively transferred to
cyclophosphamide (CY) treated recipients. Indeed, both Ad and Nad cells are
significantly more efficient when transferrer! separately than are equivalent
numbers of unseparated spleen cells (Fig.
49 1. The Ad population is at least 30
times more active than an equivalent

INSTITUTION

number of unseparated spleen cells and
approximately 5 times more active than
an equivalent number of Nad cells. From
these results it is clear that there is mutually suppressive interaction between
the Ad and Nad populations. Calculations that take into account the proportion of each population in unseparated
spleen cells reveal that, overall, an inoculum of unfractionated spleen cells displays only about 15% of its potential for
humoral antibody production to sheep
erythrocyte antigens.
The suppressive interaction between
Ad and Nad populations could not be detected in vitro or by adoptive transfer of
cells into irradiated recipients because:
( 1 ) Ad cells do not function in either
system, and (2) Nad cells fail in vitro.
The most reasonable explanation of the
finding that the Ad cell population is so
effective upon adoptive transfer into CYtreated recipients is that in this method
the host provides functional T cells that
are missing from the Ad population. It is
well known that T cells are radiosensitive
and therefore lacking when Ad cells are
cultured in irradiated recipients.
Additional evidence that a critical type
of cell is located in the spleen of CYtreated recipient mice was obtained from
experiments involving transfer of donor
cells into intact and splenectomized recipients. Figure 49 shows that unfractionated cells are equally active in unoperated and splenectomized recipients.
In contrast, Ad cells failed to produce
significant amounts of antibody when
transferred into splenectomized recipients.
Our results strongly suggest that B precursor cells occur in the Ad (as well as
the Nad) population. The function of
these B cells seems particularly susceptible to inhibition by cells or products of
cells that occur in the Nad population.
Our immediate objectives are to determine the origin, specificity, and mechanism of action of the inhibitory factor (s) .
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Generation of Cytotoxic Killer
Lymphocytes by Allogenic
Lymphocytes
K. Ozato and J. D. Ebert

Thymus-derived lymphocytes are active participants in transplantation immunity, recognizing foreign antigens of
transplanted cells and rejecting them. We
have been exploring the mechanisms of
this phenomenon in cultured cells. When
lymphocytes are mixed with allogeneic
cells (that have different histocompatibility antigens) and cultured, some of
them differentiate into cytotoxic lymphocytes which specifically kill the allogeneic
cells, after which the cytotoxic cells proliferate.
We have adopted this approach for
generating cytotoxic killer cells from
thymic lymphocytes in order to exclude
interfering effects of the so-called B cells
which are commonly found in other
lymphoid organs. We have chosen thymus cells that are cortisone resistant, because relatively large populations of immunocompetent cells can be obtained by
cortisone treatment.
The thymus of a mouse that has been
treated with cortisone in vivo is "enriched" in immunocompetent cells, because (for reasons that are obscure) cortisone selectively kills "inert" or noncompetent cells.
Cells are grown in Marbrook chambers,
whose principal feature is a small compartment with a dialysis membrane on
the bottom that is exposed to a large
volume of medium.
Cytotoxic
induced by
incompatible
mice: CBA

killer lymphocytes can be
two combinations of histostrains (in the H-2 system) of
cells responding to C57BL

cells (H-2k vs. H-2b) and C57BL c-ells;
H-2d).
responding
to B10D2/nSn (H-2b vs.
Ten million cortisone-resistant thymus
cells (either CBA or C57BL) are mixed
with varying numbers of allogeneic spleen
cells treated with mitomycin C and cultured in 1 ml of medium for 4 to 6 day.-.
Chambers are shaken gently on a rocking
platform to induce more frequent contact. The killing effect is assayed quantitatively bythe release of Cr51 from the
target cells labeled previously. Target
cells killed by sensitized thymocytes release radioactive chromium into the medium. The maximum cytotoxicities are
observed when thymocytes are cultured
with allogeneic cells in the proportion of
3 : 1 to 1 : 1 in H-2b vs. H-2d system and in
the proportion of 5:1 in H-2k ats. H-2b
system, at 5 to 6 days after explantation.
About 90% of the target cells are destroyed when C57BL thymus cells are
appropriately sensitized. To obtain 90%
cytotoxicity only 30 lymphocytes are
needed for one target cell. On the other
hand, CBA thymocytes still exert only
about 30% of cytotoxicity even when
many
assay. more sensitized cells are used for
After establishing this system, we have
studied the effect of mitogens on the generation of effector lymphocytes. Concanavalin A (Con A), a plant lectin that
induces proliferation of T cells or thymic
lymphocytes specifically is used as a mitogen. We have asked the following questions: Do lymphocytes differentiate into
killer cells for all antigens by the same
mechanism? If so. is the sensitization by
specific alloantigens simply a triggering
of the lymphocyte proliferation and concomitant transformation? If so. one
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would
S" expect the appearance oi cytotoxic
killer cells after they were stimulated by
mitogens like concanavalin A (instead oi
allogeneic sensitization!. Also, mitogenic
stimulation would enlarge the lymphopopulation that is capable of reacting to allogeneic cells, resulting in the
enhancement of cytotoxicity in the allogeneic sensitization system. The results
thus far are encouraging.
Even when thymocytes are stimulated
by mitogen (concanavalin A) alone cytotoxic killer lymphocytes are generated in
b' days. CBA thymocytes stimulated
by Ton A displayed cytotoxicity against
both H-21' and H-2d target cells. C57BL
thymocytes stimulated by Con A gave
rise to killer cells against H-2d cells and
H-21' cells as well (syngeneic to C57BL).
The extent oi cytotoxicity provoked by
a mitogen is smaller than that stimulated
by allogeneic sensitization. The cytotoxicity was observed only by a mitogenic
dose of concanavalin A (10 /xg/ml). As
shown in Figure 50. submitogenic doses
of Con A failed to induce this effect.
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On the other hand, when the effects of
Ton A were examined in the allogeneic
sensitization system, where thymus cells
are cultured together with allogeneic
spleen cells, mitogenic doses of Con A do
not enhance the cytotoxicity but suppress
the Cr51 release to a great extent, contrary to our expectation (shown in Fig.
oil. Again 1 /xg/ml Con A had almost no
effect on the generation of effector cells.
This suppressive effect is not due to the
suppression in the assay process, for
when the lymphocytes sensitized by alloantigens are treated with Con A immediately before the assay, the cytotoxicity
was enhanced, probably by more effective
contact between sensitized lymphocytes
and target cells. Therefore, concanavalin
A might suppress the differentiation of
thymic lymphocytes to cytotoxic killer
cells. It remains to be determined
whether killer lymphocytes have T cell
characters, using T cell specific antisera
( Anti 0 antibody) .
To understand the mechanism of suppression inallogenic sensitization by Con
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Fig, 50. Induction of cytotoxic killer cells by mitogenic doses of Con A. Thymus cells from both
CBA and C57BL mice were stimulated by Con A. Cytotoxicity per culture was assayed 5 days after
explanation, expressed as percent CrM release per culture.
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Fig. 51. Inhibition of cytotoxic activity by Con A. Thymus cells from C57BL mice (H-2b) were
cultured, mixed with BlOD^/n Sn spleen cells treated with mitomycin C for 120 hr in medium containing Con A. Cytotoxicity is expressed as percent Cr51 release from P815 target cells (H-2d) per
culture.

A, we propose to examine whether Con A
molecules can directly affect the recognition of alloantigens or whether this is an
indirect effect produced by another population ofT cells.
Triggering Effect of LPS on Con A
Sensitization of Thymic Lymphocytes
K. Ozato, W. H. Adler* and J. D. Ebert

To understand the mechanism of lymphocyte sensitization by mitogens or
antigens, a reagent that might modify the
effect of mitogens (or antigens) interacting with the cell membrane could be a
useful tool.
We have found that bacterial lipopolysaccharides (LPS) can drastically change
the mode of reaction of thymic lympho* Gerontology Research Center. NIH, Baltimore, Md.

cytes to a mitogen. Once again Con A
has been used as a mitogen.
In a medium (RPMI 1640) containing
10% human serum (which is faA'orable
for the survival of mouse thymic lymphocytes)10
, /xg/ml of Con A was found to
be the optimal dose for the induction of
proliferation. Usually under these conditions the highest 3H-TdR incorporation
into cells is recorded from 2 to 4 days
after culture (as shown in Fig. 52). The
range of Con A concentrations that can
induce proliferation is small, neither 2
//.g/ml nor 30 /xg ml of Con A being
mitogenic.
However, when normal thymus cells or
cortisone-resistant thymocytes are exposed to LPS at a concentration of 2 fig
ml and then cultured in a low dose of
Con A (2 ju.g/ml)5 they start DXA synthesis which lasts up to 6 days iFig. 53) .
LPS itself is not able to induce DXA
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cellular proliferation, not to a change of
metabolic rate.
The cell number reaches about 1.5
times the initial cell number at 6 days
after culture.
if)
i

o
E
Q.

24
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48

after

96

144

culture

Fig. 52. Enhancement of 3H-TdR incorporation by LPS. Mouse thymus cells (3 X 107ml)
were cultured in 10 Mg/ml of Con A. 3H-TdR
incorporation into cortisone-resistant cells (open
triangles, in the presence of 2 ,ug/ml LPS;
closed triangles, in the absence of LPS) and
normal thymus cells (open circles, in the presence of LPS ; closed circles, in the absence of
LPS).

synthesis in T cells at any concentration.
In these experiments, LPS is washed out
before Con A is added. Therefore, pretreatment of LPS renders thymus cells
ready to react to a submitogenic dose of
Con A.
On the contrary, if thymocytes are
treated with low doses of Con A for the
first time followed by second treatment of
the same dose of LPS, the lymphocytes
fail to proliferate; therefore, it seems that
preactivation of the cells by LPS is necessary.
If LPS and Con A are added to the cultured cells simultaneously, 3H-TdR incorporation iusually
s
enhanced from 2 to
5 times (Fig. 52). We have found that
the cell number also increases concomitant with the increase of 3H-TdR incorporation, indicating that the enhancement of 'H-TdR incorporation is due to

In these two experiments, a larger fraction of the population of cortisone-resistant cells began to proliferate, indicating
that immunocompetent T cells in the
thymus are responding. The proliferating
cells at 4 or 6 days were considered to be
the progeny of the cells that began to
proliferate soon after explantation, for if
the cells are treated with BUdR for 20 hr
after they are treated with LPS for 1 hr
and Con A for 23 hr in turn, followed by
exposure to visible light (which kills all
the cells synthesizing DNA) , they do not
show any 3H-TdR incorporation.
6f

Effect

of

LPS

48
Hours
after

on Thymus

96
culture

Cells

144

Fig. 53. Effect of pretreatment of LPS on
thymocyte stimulation by low doses of Con A.
:'H-T(1R incorporation by 2 fig/ ml of Con A was
measured in cortisone-resistant thymocytes
(open triangles) or normal thymocytes (open
circles) pretreated with 2 /xg/ml of LPS for 1
hr. Closed triangles represent 3H-TdR incorporation into cortisone-resistant cells, and closed
circles represent normal cells without LPS
treatment.
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The responding population in this culture is shown to be thymic lymphocytes,
not B lymphocytes which might be included in the thymus in low numbers, for
when the cells are treated with Anti 0
diluted 50 times with rabbit complement
at 37 °C for 45 min to eliminate 6 positive
cells, almost no proliferation was
observed.
LPS which consists of lipid A and polysaccharides has been considered to contain strong mitogens for B cells. It is
clear that LPS can activate thymus cells
for stimulation by low doses of Con A
probably mediated via the membrane.
This fact implies that LPS might activate
T cells as well in other immune reactions.
We propose to analyze this drastic
effect of LPS, asking how LPS influences
the binding of Con A to the receptors. To
that end, we have begun to work with
3H-labeled Con A.

pholipid vesicles (liposome.-; were prepared from a dispersion of egg yolk
lecithin in Gey's salt solution by ultrasonic irradiation and were immediately
diluted and added to the lymphocyte suspension in PtPM 1 1640 to give a final
concentration of 0, 0.02, 0.2, and 2 mg
phospholipid/ml. The mixture was kept
at room temperature for 20 min before
washing away the unreacted vesicle.-.
Fresh culture medium containing \0%
human sera was then added to cells.
DNA synthesis in the cultured lymphocytes was measured by the incorporation
of 3H-TdR into the acid precipitable
fraction of the cells.
When spleen cells wrere treated with
liposomes prior to culturing, the DNA
synthesis was enhanced only slightly at
day 0 (Fig. 54) . Large amounts of 3HTdR incorporation, compared to the untreated control, were measured after 2
days in culture at a concentration of 2

Interaction of Phospholipid Vesicles
with Mouse Lymphocytes in vitro
K. Ozato and L. Huang

It is well documented that a number of
mitogenic events associated with lymphocytes are mediated by components of
the cell surface. Our preliminary results
indicate that various mouse lymphocytes
are able to rapidly incorporate foreign
phospholipids from a preparation of lipid
vesicles as described elsewhere in this Report, and that a significant fraction of
this foreign lipid resides in the surface
membrane of the cell. Since the introduction of foreign phospholipids into the
plasma membrane could conceivably
modify its structure and properties, it is
interesting to examine the biological responses of lymphocytes after such a
modification.
Thymus cells that are cortisone resistant and spleen cells from CBA or C57BL
mice were used in this study. Single cell
suspensions (total volume 1 ml) at a concentration of5 X 106 cells/ml were set
up in a plastic tissue culture tube. Phos-
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Fig. 54. Effect of liposomes on 3H-TdR incorporation bymouse spleen cells in vitro. Open
bar: assayed immediately after liposome treatment. Shaded bar: assayed 48 hr after the
treatment.
\-
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mg phospholipid ml. Under these conditions, the percentage of viable cells in the
culture was about the same as untreated
cells. In the case of cortisone-resistant
thymus cells which contain mainly T
cells, lipid vesicles at the same concentration also stimulated the DNA synthesis after 48-hour culturing (Fig. 5o) .
The effect oi liposomes on the mitogenic activity of concanavalin A (Con
A • . which is a specific mitogen for T cells,
was also examined. Liposomes at various
concentrations were added to the cortisone-resistant thymus cell suspension
together with Con A ( 0.5 /xg/ml) before
culturing. Incubation was carried out at

Con A Con A
+
+
0
2

Con+ A Con+ A
0.02 mg/ ml
0.2

Fig. 56. Effect of liposomes on 3H-TdR incorporation bythe mitogen-treated, cortisoneresistant mouse thymus cells in vitro.

0

2
mg

0.2

room temperature for 20 min. Fresh
serum-free medium was added after the
unreactive vesicles were removed, and the
incorporation of 3H-TdR by the culture
was measured after 48 hr. As shown in
Figure 56, the mitogenic effect of Con A
on T cells was enhanced 2-3 times by the
liposome treatment.
These results indicate that the biological activities of lymphocytes are significantly affected after interaction with
phospholipid vesicles in vitro. The mechanism of this effect is unknown. Experiments are planned to elucidate the nature
of the cell surface modifications and its
relation to the proliferation of lympho-
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Phospholipid / ml

Fig. 55. Effect of liposomes on 3H-TdR incorporation by cortisone-resistant mouse thymus cells in vitro.
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THE

COLLECTION

OF

HUMAN

EMBRYOS

li . O'Rahilly and E. Gardner

The Carnegie Embryological Collec- California, in July 1973. Within a very
tion (including the Bluntschli material) short time investigators were again at
was moved
from Baltimore
to Davis,
work, the first visitor being Professor
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A. A. Pearson, University of Oregon, who
has previously studied the Collection on
a number of occasions. By the summer of
1974 the Collection will be housed on the

(O'Rahilly
and
Boydcnj
studied at the present time.

Davis Campus of the University of California. Inquiries may be directed either

A research grant entitled "Developmental Neurobiology in Primates" has
been awarded by the National Institutes
of Health to Ernest Gardner, University
of California School of Medicine, Davis.
Twelve projects and more than ten investigators are involved. Several of the
investigations, such as the development
of the nervous system, skull and vertebral
column in the human embryo, will be
based primarily on the Carnegie Collection, and some studies, such as the staging
of nonhuman Primate embryos, will involve the Bluntschli Collection, as well as
the collections of the California Primate
Research Center, with which group close
relationships are being established.
A discussion of the Dandy-Walker and
Arnold-Chiari malformations (Gardner,
O'Rahilly, and Prolo) was provided by
Dr. Prolo at the Annual Meeting of the
American Association of Neurological
Surgeons, St. Louis, in April 1974.

to Professor O'Rahilly or to Professor
Gardner, Department of Neurology, University of California School of Medicine,
Davis, California 95616.
Developmental Stages in
Human Embryos
O'Rahilly's account of stages 1 to 9
(embryos of the first three weeks) was
published during the year, and work has
been begun on the revision of stages 10
to 23. In addition, a teaching collection
of nearly 300 color slides is being prepared by O'Rahilly, and is to be issued
both as 35 mm mounted transparencies
and as microfiche.
In May 1974 Professor Frank C.
Greiss of Winston-Salem donated the
Bowman Gray embryo, which has been
assigned Carnegie No. 10,442. The paraffin block has not yet been completely
sectioned but a few preliminary sections
suggest the possible presence of a stage 5
embryo (less than two weeks) .
Subsequent to the assigning of Carnegie numbers to the Blechschmidt Collection in Gottingen, Professor Blechschmidt published a valuable atlas of his
reconstructions: Die pranatalen Organsysteme des Menschen (Hippokrates
Verlag, Stuttgart, 1973). The Carnegie
system of staging has been followed
throughout, and included are views of
embryos from stage 1 to stage 23, as well
as several illustrations of fetuses. In
order to facilitate comparisons, it is hoped
that the Carnegie system of staging will
continue to be employed internationally.
Work progresses on the tabulation of
the timing and sequence of developmental
events in staged human embryos. Data
for the heart and for the nervous, urinary,
and respiratory systems have already
been published. The limbs (O'Rahilly
and Gardner) and the digestive system

an;

being

Development of the Nervous System

Development of the Eye
An investigation of the growth of the
human eye in utero by R. O'Rahilly and
J. Bossy (Faculty of Medicine of Montpellier) has been published after an unavoidable delay. A total of 52 embryos
and 69 fetuses was examined, and detailed tables of measurements ( diameters, volume, and weight), as well as
graphs, may be found in the original
article. The mean diameter of the globe
increases from about 2 mm at 8 postovulatory weeks to about 17 mm at birth.
Individual variations are frequent, however, and hence a sizable number of observations isessential. The rate of growth
(growth as a function of age) of the mean
diameter is at a maximum between 8 and
14 weeks, is less from 14 to 30 weeks and
from 4 to 8 weeks, and is at a minimum
from 30 to 40 weeks. Hence breaks in the
curve occur, thereby allowing the determination ofdifferent periods during intra-
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uterine life. It is possible that such shifts
in growth may prove to be oi use in the
establishment of fetal stages.
Development of the Larynx
Studies
laryngeal

by O'R ahilly and Tucker on
differentiation
continue.
An
STAFF

INSTITUTION

exhibit on the embryology of the human
larynx was presented at the Annual
Meeting of the American Medical Association, New York, 1973, and the Hektoen
Silver
Medal was awarded to Tucker and
O'Rahillv.

ACTIVITIES

One of the year's highlights was the
first meeting of the Department's Visiting Committee on October 25-26. Chaired
by Mr. William Golden of New Vork, the
Committee included Dr. Gerald Edelman
oi The Rockefeller University; Dr. Joseph Gall of Yale: Dr. John Gurdon,
MRC Laboratory of Molecular Biology,
Cambridge; Dr. Stephen Kuffler of Harvard Medical School; Mr. Robert Pennoyer of New York; Dr. Robert Perry,
Institute for Cancer Research; and Dr.
Omond Solandt of Toronto.
International conferences and symposia
in which members of the Department
participated during the year included the
following: the Seventh International
Congress of the International Society of
Developmental Biologists (Montreal);
the Fourth International Conference on
Birth Defects (Vienna) ; the Conference
on Methods of Detecting Physical and
Chemical Teratogens (Guadeloupe) ; the
Eleventh International Embryological
Conference (Sorrento, Italy) ; the International Symposium on the Biogenesis of
Mitochondria (Rosa Marina, Italy) ; and
International Genetics Congress
I Berkeley, California).
Among the other conferences engaging
the interest of members of the group, the
following should be mentioned: a conference on Exploratory Concepts in Muscle,
held by the Muscular Dystrophy Association- of America; the Molecular Neurobiology Symposium; the Ribosome Symposium at the Cold Spring Harbor
Laboratory; a Gordon Research Conference on Lipid.- and Lipid Metabolism;

the Midwest Immunology Workshop;
and the annual programs at Brookhaven
National Laboratory and the Given Institute, Aspen, Colorado.
Lectures were presented on a number
of campuses, including Albert Einstein
College of Medicine; Brown LTniversity;
California Institute of Technology; Columbia University; Georgetown University; Harvard Medical School; Indiana
University School of Medicine; North
Carolina State University; North Park
College (Chicago, Illinois) ; Princeton
University; Rockefeller LTniversity; State
University of New York at Albany;
Tokyo Metropolitan University, and the
Universities of California (Berkeley) ,
Chicago, Cincinnati, Colorado, Connecticut, Florida, Maryland, Miami (Florida),
North Carolina, Pennsylvania, Utah,
Vienna (Austria), and Virginia.
Special presentations included a Commencement Address at the State University of New York at Stony Brook ; a lecture at the 1538th Stated Meeting of the
American Academy of Arts and Sciences;
one at the Washington Philosophical Society; and a Helen Hay Whitney Lecture.
Members of the group also spoke at
hospitals and research centers, among
them the Cold Spring Harbor Laboratory; Marine Biological Laboratory;
Mitsubishi-Kasei Institute for Life Sciences (Tokyo, Japan), and the National
Institutes of Health.
Members of the Department took part
in meetings of learned societies, including, in addition to those already mentioned, the American Association for the
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Advancement of Science, American Society of Biological Chemists, American
Society for Cell Biology, American Society of Zoologists, Biophysical Society,
British Biochemical Society, Federation
of American Societies for Experimental
Biology, Japanese Society of Animal Cell
Biologists; Japanese Society of Developmental Biologists, National Academy of
Sciences, Society for Developmental
Biology, Society of General Physiologists,
and Society for Neuroscience.
Advisory and consultative services included membership on the editorial
boards of Armies del Desarrollo, Developmental Biology, Journal of Biological
Chemistry, Journal of Cell Biology, Journal of Embryology and Experimental
Morphology, Journal of Experimental
Zoology, Excerpta Medica (section on
Human Developmental Biology) , Current Topics in Developmental Biology,
and Quarterly Review of Biology.
Members of the staff also acted in these
capacities: Chairman, Assembly of Life
Sciences, National Academy of SciencesNational Research Council; Member of
the Board of Governing Trustees and the
Board of Scientific Overseers, Jackson
Laboratory; Trustee, President, and Director, Marine Biological Laboratory;
Member of the Corporation, Woods Hole
Oceanographic Institution; Member of
the Executive Committee for the Fourth
International Conference on Congenital
Malformations; and Trustee of International Medical Congress, Ltd.
Other posts occupied by members of
the Department include the following:
in the American Institute of Biological
Sciences, member, Council of Past Presidents; in the American Society for Cell
Biology, member of the Council; in the
Institut de la Vie, Chairman, World
Committee on the Formative Weeks of
Human Life; in the National Academy of
Sciences, member, Committee on Science
and Public Policy and member, Coordinating Committee for
Air
Quality

Studies; in the National Institutes of
Health, member, Board of Scientific
Counselors, National Institute of Child
Health and Human Development, member, Gerontology Research Center Resources Advisory Committee, and member, Physiological Chemistry Study
Section; at the National Science Foundation, member of the Panel on Human
Biology; and in the Society for Developmental Biology, President-elect. Members of the Department served on several
Visiting Committees, including those for
the Departments of Biology at Brookhaven National Laboratory, Harvard
University, Massachusetts Institute of
Technology, and Princeton University.
Formal teaching was again largely confined to the Johns Hopkins Department
of Biology, but during the year lectures
were offered in other departments of the
University as well, among them Biophysics, Engineering, Laryngology and
Otology, and Pediatrics.
Seminars
The roster of speakers at the seminars
organized by the Department to serve all
those working in developmental biology
in the region included W. H. Adler
(Gerontology Research Center); Eric
Davidson (California Institute of TechHall (Harvard Medical
nology) Zack
;
School) ; Klaus Kratochwil (Austrian
Academy of Science, Salzburg) ; Shaindow Kung (University of California, Los
Angeles) ; Stephen Meier (Harvard
Medical School) ; Kenneth J. Muller
(Harvard Medical School) ; George Poste
(Roswell Park Memorial Institute);
Martin Rechsteiner (University of
Utah) ; Kenneth Robinson (Purdue University) Harold
;
Weintraub (Princeton
University) ; Robert Williamson (The
Beatson Institute for Cancer Research,
Glasgow) ; Myong G. Yoon (Dalhousie
University); and Geoffrey Zubay (Columbia University) .
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INTRO

D U C T I0 N
set of features required for a functioning

The members of the Developmental
Biology Research Group have been
studying the sequence organization of
higher organism DNA and of the RNA
that is transcribed from it. This Report
describes recent measurements and summarizes the results of the previous two

system of gene regulation. 'An attempt
was made to specify the model in such
detail that clear predictions could be
made and experimentally tested. The
model was also intended to establish a
route of experimental investigation which
would yield fundamental knowledge of
the mechanism of transcription regulation as well as supply a definitive test of
the concept of the involvement of repetitive DNA sequences in genetic regulation.
No attempt will be made here to describe the model in detail. It has already
been extensively discussed in relation to
current knowledge in two reviews i Britten and Davidson, 1971 ; Davidson and
Britten, 1973) . Here we describe only the
central line of argument which supports
a thorough investigation of the sequence
organization of the higher organism
genome. (1) The process which underlies
all the other levels of control and regulation in the cell must be the control of the
expression of the genetic information
present in the DNA. (2) Thus the control of the transcription of the DNA
sequences of structural genes into messenger RNA is probably fundamental.
(3) The control of transcription requires
molecular recognition of each of the
many genes coordinately expressed in a
given tissue or cell state. (4) It therefore
appears likely that each set of genes
(batteries) for which transcription is coordinately initiated at a given stage ot
development should have a batteryspecific similar DNA sequence proximal
to the structural gene sequence itself.
It is not yet clear whether the DNA
sequence similarities that are crucial to
genetic control can be easily recognized
in laboratory measurements. Nevertheless, these arguments supplied excellent
reasons for the examination of sequence
organization in DNA in relation to transcribed DNA sequences. The validity of

years' work.
The group has in the past year
achieved an enduring status and the report of the year's research appears for the
first time as a separate section in the
Year Book. It is therefore an appropriate
time to describe briefly the history of the
group and our major research goals.
The Developmental Biology Research
Group was established as a result of a
scientific collaboration starting in 1967
between Roy Britten (at the time a member of the Biophysics section at the Department ofTerrestrial Magnetism) and
Eric Davidson (then at Rockefeller University). Each had independently inferred that the repetitive DNA sequences,
which are ubiquitous in higher organism
DNA, were involved in the regulation of
genetic activity.
It had already been shown (Britten
and Smith, 1970) that in calf DNA repetitive DNA sequences were widely scattered or interspersed throughout the
genome. Three-quarters of DNA fragments about 4000 nucleotides long were
shown to contain repetitive sequences.
Thus it appeared technically possible to
measure DNA sequence organization at
the necessary level of resolution and fragment size. In addition, work was already
in progress in the two laboratories on the
nature of the sequences present in the
RNA of two systems: amphibian oocytes
(Davidson and Hough, 1971) and mouse
embryos (Gelderman, Rake, and Britten,
1971).
The gene regulation concepts were formalized ina model (Britten and Davidson, 1969) which introduced a minimum
95
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the arguments has been borne out by the
observation (described at the end oi this
Report) that most or all structural genes
which are expressed during the gastrula
oi urchin development have proximal
repetitive DNA sequences.
It was already clear to us in 1969 that
an extensive experimental program would
be required to lead up to a crucial test of
the concept that repetitive DNA sequences
were involved at the fundamental level
oi genetic control. A Large group would
be required with the potentiality not only
to investigate the sequence structure of
the DNA but to prepare pure and wellcharacterized RNA from well-defined
stages of development, and make use of
these molecules for subtle studies of their
sequence relationship and spatial relationship of the sequences in the DNA.
Then. Eric Davidson was offered an appointment atCal Tech. and the decision
was made to set up laboratories there on
the required scale and to request federal
grant support.
The Kerckhoff Marine Laboratory of
Cal Tech not only offered needed laboratory space and facilities but made it possible to handle and preserve in a fertile
condition large quantities of the sea
urchin. Strong ylocentrotus purpuratus.
The laboratory has also provided facilities for the collection and maintenance
of a variety of other species which have
been useful and will in the future be even
more important in the generalization of
the measurements made with sea urchin
nucleic acids.
The work of the new group wras initiated in the late spring of 1971 at
SEQUENCE

ORGANIZATION

Summary of thp: Knowledge of
Sequence Organization in Xenopus
and Sea Urchin DNAs.
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Pasadena and in the early fall at the
marine laboratory. Support was initially
from a three-year grant from the National Institute of Child Health and
Human Development (HD-05753) which
has been renewed on a much expanded
scale for five years. In addition, support
has been received from the American
Cancer Society (E334E) and from the
National Science Foundation (GB33441X). The group is also participating
in a program project supported by the
National Institute of General Medical
Science (GM-20927) jointly with Norman Davidson and James Bonner of Cal
Tech. Roy Britten was a member of the
Biophysics Group at the Department of
Terrestrial Magnetism until June 1973.
Since that time he has been jointly a
Senior Research Associate at Cal Tech
and a member of the staff of the Carnegie
Institution, supported equally by both
institutions. The Carnegie Institution
has also for the last year supported Dale
E. Graham with a postdoctoral fellowship. The total annual direct costs of supporting the Developmental Biology Research Group are in the range of $200,000
to $250,000 for the next several years.
The direction of the work of the first
two years is summarized in the next
section by presenting in compact form
the conclusions that have been drawn
about higher organism DNA sequence
organization. Throughout the Report the
work of the group is described in a unified fashion for clarity; the contribution
of individuals can be identified by means
of the references to papers that have been
published or are in preparation.
IN
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DNAs

Xenopus and Strongylocentrotus DNAs.
The results of the measurements of the

In this section the results of the work

DNA of these two species are essentially
identical.

done in the years 1971-1972 and 19721973 an- summarized in the form of a
brief description
of our knowledge
of

Over 80% of the DNA
contains interspersed repetitive sequence elements.
We know this from studies of hydroxy-
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apatite binding of long labeled DNA
which has been reassociated with excess
short DNA fragments to a Cot * where
only repetitive sequence reacts. The
mixture is passed over a hydroxyapatite
column, and those fragments bind which
contain a repetitive sequence duplex.
Such experiments were carried out by
Britten (1972), who used a particular
repetitive fraction of sea urchin DNA
and a single tracer fragment length. The
approach was then extended by the use
of various measured lengths of labeled
DNA to Xenopus (Davidson, Hough,
Amenson, and Britten, 1973) and to sea
urchin (Graham, Neufeld, Davidson, and
Britten, 1974).
The interspersed repetitive sequence
regions are separated by nonrepetitive
DNA sequences ranging in length from
about 1000 to >4000 nucleotides. Quantitative estimates of inter-repeat spacings
are derived directly from the measurements of hydroxyapatite binding of
labeled DNA fragments as a function of
tracer fragment length (Davidson et al,
Graham et al, op. cit.) . About half of
the single-copy sequences are 1000 ± 300
nucleotides, and the remainder are significantly longer.
About 25% of the total DNA nucleotides are in repetitive sequence, and 75%
are in nonrepetitive sequence. This fact
can also be derived from the measurements of hydroxyapatite binding vs.
fragment length. The same result is also
obtained from measurement of the
amount of hyperchromicity developed
when fragments of different lengths containing repetitive sequence duplexes are
melted in the spectrophotometer (Davidson et al, 1973, and Graham et al., op.
cit.). A third approach, completely independent of the last two, involves the
application of S-l nuclease, a singlestrand specific endonuclease. The nuclease is used to isolate repetitive
duplexes
by digesting
away
single* Cot, concentration X time, is expressed in
terms of moles nucleotide liter"1 X sec.
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stranded regions. The amount of enzymeresistant duplex can then be quantified
(Britten, Graham, Davidson, and Eden,
in preparation) .
About three-quarters of the repetitive
sequence exists in elements which are
only 300 ± 150 nucleotides in length. This
estimate comes most directly from the S-l
nuclease studies just cited, where the sizes
of the enzyme-resistant duplex regions
are measured by gel filtration. Corroborative information comes from experiments
in which the fraction of long tracer fragments bearing repetitive sequence elements actually in the repetitive sequence (s) is measured by studying their
rate of reassociation with repetitive DNA
(Davidson et al., 1973). An average
length of 300 nucleotides also derives
from the quantitative evaluation of hyperchromicity mentioned above (Graham
et al, 1974; Davidson et al, 1973). The
S-l nuclease experiments identify the
presence of some long repetitive sequence
regions (>1000 NT) as well. So far, we
know relatively little about these. About
one-quarter of the repetitive sequence,
or 6-8% of the whole DNA, is in long
repetitive regions.
Short (300 nucleotides) interspersed
repetitive sequence regions characteristically displayed about 7-15% sequence
divergence. This conclusion is drawn
from analysis of the thermal stability,
after S-l nuclease treatment to remove
unhybridized single-stranded tails (Britten et al, in preparation). The effects
on hyperchromicity and thermal stability
of sequence mismatch within a repetitive
duplex and the effects of totally singlestranded tails can now be distinguished.
Interestingly, the same thermal stability
experiments reveal that the long repetitive sequences display a relative lack of
sequence mismatch. This observation
poses some fascinating problems in DNA
evolution.
We conclude that the DNA sequences
of Xenopus and sea urchin are ordered
in a highly specific way. The key fea-

98
ture is the very extensive interspersion
oi repetitive sequence elements which
appear too short to code for most known
proteins (average 300 NT). Furthermore, the interspersed repetitive sequences exist in many mutually nonhomologous sets. For example, in Xenopus the best estimates are that there are
about 2000 diverse kinds oi repetitive
sequence, each present 1500 to 2000 times
per genome I Davidson et al., 1973) . Thus
the interspersed repeats constitute a relatively complex group of sequences completely distinct from the extremely simple
satellite DNAs.
Sequence Interspersion Viewed in the
Electron Microscope
Four essentially separate and independent methods of analysis have led
to the knowledge summarized above (see
Tabic 2 ) . In this section we describe
some results obtained with a fifth approach, direct observation with the electron microscope. The technique we have
employed is the formamide-Kleinschmidt
method developed by Davis, Simon, and
Davidson (1971 >. in which single-strand
as well as double-strand regions can be
visualized. The main object of these experiments isto obtain independent corroboration for the length of 300 NT (av) ,
which we have assigned to interspersed repetitive sequences on the basis of the S-l
ouclease and other studies.
( )ur evidence indicates that most repetitive -equence elements are flanked by
Mimle-copy regions, one thousand to several thousand nucleotides long. It follows
that duplexes formed from fragments of
such lengths should be present in the
form of 4-ended structures which should
be easily visualized in the electron microscope. That is, we would expect to see in
the electron microscope a large number of
short (av. 300 NT) duplex regions, each
end of which gives rise to two longer
single-stranded tails. The interspersion
data predict that a fraction of longer
fragments
would contain two or more

CARNEGIE
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repetitive sequence regions, each marked
by the presence of similar single-stranded
tails.
Examples of both the simple 4-ended
structures and the more complex molecules displaying more than one interspersed repetitive sequence are shown in
Fig. 1. The Xenopus DNA portrayed in
this figure had been sheared to a modal
length^ of
of sizes
about is2000
NT (though
a broad
range
of course
present)
, and
then reassociated to Cot 10. By this point
almost all the repetitive sequences in
Xenopus DNA will have formed duplexes.
The duplex-containing fraction was recovered by passage over a hydroxyapatite column and then spread for electron
microscopy as described in the legend to
Fig. 1. This series of experiments is
treated in detail elsewhere (Chamberlin,
Britten, and Davidson, in preparation) ,
and only a brief account of some of the
main points is possible here.
The structures shown in Fig. 1 represent major classes in the preparations.
This is a key point, for it is very easy to
be misled in molecular electron microscopy unless the total mass of DNA present can be accounted for. Table 1 provides a complete breakdown of the 1660
structures present in the EM plates we
studied. It can be seen that 4-ended
structures in which the terminations of
the duplex regions are both unequivocally
marked by single-stranded forks represent 28% of the DNA. Molecules displaying more than one interspersed repetitive region ("complex structures" in
Table 1) account for another 24%. Thus,
over half the DNA is present in
molecules containing duplexes marked by
single-stranded tails on both ends of each
duplex. Only 5% of the DNA mass is in
uninterpretable structures. The fragments present in all the classes of structure containing evident duplex are about
the same length (mean 2500-3000 NT),
but this is not true of the 2-ended structure class. The latter should include any
long duplexes from which no tails or only
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Fig. 1. Direct visualization of interspersed repetitive duplex regions in Xenopus DNA (Chainberlin, Britten, and Davidson, in preparation). Xenopus DNA was sheared to a modal size of 2400
nucleotide pairs in a Virtis homogenizer at 6000 rpm for 45 min. The DNA was dissolved in 0.12
M phosphate buffer and was kept at 0°C during shearing. The DNA was denatured at 100° C for
5 min and immediately passed over a hydroxyapatite column in 0.12 M phosphate buffer at 60 °C to
remove the "foldback" fraction (Davidson et al., 1973; Wilson and Thomas, 1973). Thirty percent
of the DNA bound to the column. The nonbinding fraction was found to be the same size as the
starting material. It was incubated to Cat 10 and passed over a hydroxyapatite column. 56.6% of
the DNA bound to the column. The bound fraction was eluted with 0.5 M phosphate buffer, dialyzed against 50% formamide-0.01 M EDTA-0.1 M Tris, pH 8.5, and spread for electron microscope visualization from 57% formamide (Davis et al., 1971) by the Kleinschmidt procedure. The
structures shown in the eight upper photographs each contain a duplex region and four singlestranded ends. The three lower photographs represent molecules which include more than one
duplex region, each marked by single-stranded tails (Chamberlin, Britten, and Davidson, in preparation). The bar represents a length of 1000 nucleotides.
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stranded tails (see Fig. 1). A histogram
representing the repetitive duplex length
distribution is shown in Fig. 2. Though
the distribution is skewed toward longer
lengths, indicating the presence of a few
long duplex regions, the main result of
this analysis is clear. The interspersed
repetitive sequence elements are only a
few hundred nucleotides long. In fact,
60-70% of all duplexes seen are 300 ±
150 NT. This statement remains true
for all fragment lengths between 1000
and 6000-8000 nucleotides, where our observations end. It follows that the sample from which duplex length is estimated
has not been biased by fragment length.
That is, we are not losing longer duplexes

one single-stranded tail protrudes, but it
must also include all broken singlestranded ends originally part of duplexcontaining molecules. The distinctively
smaller size of the 2-ended fragments indicates that a large fraction of this class
(mean length 1311 NT) does consist of
broken ends. In fact, 70-100% of fragments in each length class over 2000 NT
contains recognizable duplexes, while
only 15% of fragments less than 1200 NT
contains recognizable duplexes.
The 4-ended structures and complex
molecules are excellent for direct estimation of repetitive duplex length, since
for each molecule in this class the ends of
the duplex are clearly marked by single-
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Fig. 2. Repetitive sequence length in Xenopus DNA. Length in nucleotides of duplex regions
was measured from electron micrographs such as those shown in Fig. 1. All duplexes on both
4-ended structures and more complex interspersed molecules are included in this analysis, except
that the histogram excludes length classes for which fewer than three examples were measured.
The class width was 100 nucleotides. The number of duplexes falling in each class is given on the
top of the figure. The longest clearly evident duplex measured contained 2850 nucleotides; the
shortest, about 60. The mean duplex length for the sample was 345 nucleotide pairs.
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Fin. 3. Comparison of calculated (X's) and observed (solid curve) relations between fragment
length and presence of a repetitive sequence element on the fragment (Chamberlin, Britten, and
Davidson, in preparation). The observed curve is the corrected hydroxyapatite binding curve reported by Davidson et al. (1973) for Xenopus DNA (see text). The hatched area represents the
range of acceptable fits presented in this reference. The calculated curve is derived from the distribution of nonrepetitive sequence lengths measured in molecules where such sequences could be
defined as bounded on both ends by repetitive sequence elements. Examples are shown in the
bottom three structures of Fig. 1. To avoid biasing the sample in the direction of shorter nonrepetitive sequence lengths, only molecules longer than 3000 NT were included. The number of available
- - was 77. and the fragment lengths were, of course, insufficient to provide accurate data for the
terminal portions of the curve. Therefore, in this calculation the outer slope of the curve (fragment lengths >3000 NT) was matched to that of the hydroxyapatite curve. The remainder of the
curve was calculated from the interduplex length distribution on the basis that the rate of change
in slop< (second derivative) of the curve is related to the frequency with which interduplex
single-copy sequences of given lengths occur.

from the -ample, since if that were the
case an increase in mean duplex length
with fragment length would result.
Those -mjctures which permit measurement of interduplex length (e.g., the
three lower molecules in Fig. 1 1 are the
subject of a further analysis shown in
P^ig. 3. The distribution of interduplex
single-copy lengths measured in this sam-

ple can be used to calculate the expected
relation between hydroxyapatite binding
and fragment length. The calculated estimate iscompared in Fig. 3 with the binding curve measured in the experiments
summarized above. The conclusion from
this analysis is that the repeat spacing
distribution observed in the electron microscope data is consistent with the spac-
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ing distances we have deduced from the
hydroxyapatite binding experiments,
within our limits of accuracy.
To summarize this brief account, these
new studies of Xenopus DNA reassociation products have again shown, this time
by direct observation in the electron
microscope, that repetitive sequence elements are interspersed with nonrepetitive
sequence. Furthermore, the mean length
of most of these sequences is found to be
close to 300 NT, in accord with the conclusions drawn from physical chemical
data. Our earlier conclusions on the distribution of nonrepetitive sequence
lengths are also supported by the available electron microscope measurements.
Homologous Repetitive Sequence
Elements Have Homologous
Terminations
An interesting question, and one which
is of fundamental importance in considering possible functions of repetitive
DNA, is whether a given interspersed
repetitive sequence begins and terminates
at the same place in the sequence wherever it occurs. One can imagine, though
it would be something of a conceptual
nightmare, that a repetitive sequence a-z
would begin at n and terminate at m in
one site, begin at s and terminate at r in
another, and begin at a and terminate at
z in still another, and so on. The alternative is that each time this sequence appears it begins at a and ends at z. A
simple way to determine which model
more nearly approximates the case has
been devised, and in this section we present an example of a type of experiment
capable of deciding this question (Graham, Eden, Davidson, and Britten, in
preparation) .
We begin by considering DNA containing no sequence repetition, for example, a prokaryote DNA. If this DNA is
sheared randomly and allowed to reassociate, very large particles ("hyperpolymers") will eventually form. The explanation for hyperpolymer formation is

GROUP

that on the average, two si) eared fragments which meet in the solution, collide
and nucleate to form duplex do not begin
and end at the same place in the sequence. Hence every collision and subsequent duplex formation tends to leaveone or more unpaired single-stranded
tails. Each of these tails can next participate ina further renaturation reaction
with another single-strand region, which,
as the reaction proceeds, is itself increasingly likely to belong to another growing
hyperpolymer. In this way large multimeric hyperpolymers will build up, and
late in the reaction these become the
dominant type of structure present.
With this background we now consider
the likely outcome of a renaturation reaction between fragments bearing repetitive
sequence elements. Several cases can be
distinguished. For clarity we first consider a case where the fragment length is
much longer than the interspersed repetitive sequence and the homologous repetitive sequence elements always begin and
terminate at similar locations. Here the
problem is trivial since in general only
4-ended structures such as those shown in
Fig. 1 would be able to form. Four-ended
dimers would thus represent the terminal
reaction products. Suppose now that the
repetitive sequence elements are isolated
by treatment of preparations such as
those in Fig. 1 with S-l nuclease, and the
enzyme-resistant DNA is denatured and
then reassociated. It is obvious that if
each type of repetitive sequence element
always begins and ends at the same place,
hyperpolymer formation will still • be
severely limited. Even fragments bearing
partial sequences will not cause significant hyperpolymer formation. This is
because the typical 300 NT sequence cannot be divided up among many participating fragments, each maintaining a
duplex region sufficiently long to ensure
stability. The most likely structures very
late in the reaction are dimers. with some
trimers and tetramers also present. On
the other hand, suppose the S-l nucleaseresistant duplexes contain parts of repeti-
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tive sequence elements which begin and
terminate at various places throughout
the sequence. In essence this case is similar to that of the sheared prokaryote
DNA. Thus large branched hyperpolymers would be expected to form during an
extensive renaturation carried out with
such fragments.
Since these two cases would yield very
different particle sizes late in the reassociation reaction, the issue can be resolved
by measuring the approximate size of the
structures in a reassociated DNA preparation. In Fig. 4 a representative experiment isportrayed. Here we have used an
agarose gel filtration column to separate
dimers and low multimers from large hyperpolymers. The panel on the left repre-

INSTITUTION

sents the elution of T4 phage DNA
sheared to 300 NT and renatured to about
80 X the C0ti/2. It is clear that most of
the DNA is excluded, meaning that, as
predicted, most of the 300 NT fragments
are bound in large hyperpolymers. On the
right is shown the elution pattern of repetitive sequence elements isolated from
sea urchin DNA with S-l nuclease and
then renatured to 100 X their O0r1/2.
Since the resistant DNA fragments are
about 300 NT (average), they are
about the same fragment length as
the phage DNA on the left. In contrast to the latter, however, almost all the
sea urchin repetitive DNA penetrates the
agarose column and chromatographs in
the positions
expected
for particles
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the size oi dimers, (rimers, and tot miners.
According to the above logic, this result
provides a clear demonstration that
homologous interspersed repetitive sequence elements tend to begin and to end
at the same sequence locations. Such an
experiment oi course cannot resolve differences in termination position less than
the stable duplex length, about 30-50 NT.
The experiment shown in Fig. 4 means
that each species oi repetitive sequence
tends to present the same aspect wherever
in the genome it occurs. This is probably
a necessary condition for theories of repetitive sequence function which require
that the same sequence-specific ligand be
aide to bind to homologous repeats wherever they occur in the genome (e.g.,
Britten and Davidson, 1969; Davidson
and Britten. 1973).
Sequence Interspersion Patterns in
the Genomes of Other Animals
All of the observations regarding sequence organization so far presented
refer to sea urchin and Xenopus DNA.
These are the DNAs about which most
is known and for which widespread sequence interspersion is most clearly and
quantitatively
demonstrated.
However,

INST1TVT10N

observations exist for other DNAs as well,
and these are summarized in Table 2. As
the title of this table indicates, extant
data suggest that repetitive sequence
interspersion is of general occurrence,
perhaps characteristic of all animal
DNAs. It is worth noting, however, that
for no animals other than Xenopus and
Strongylocentrotus do we have a clear
idea of the lengths of single-copy sequences separating adjacent interspersed
repetitive sequences. Furthermore, while
in both of these genomes the dominant
repetitive sequence element length is
about 300 NT and only a minor fraction
of the repetitive DNA occurs in longer
sequences, this is likely not always to be
so. An example may be the Drosophila
genome. New measurements (Hogness
et al, 1974) show that at least some middle repetitive sequence interspersion
exists in Drosophila DNA, but in contrast to other known cases, in Drosophila
a large fraction of the middle repetitive
sequences are apparently significantly
longer than a few hundred nucleotides
(Manning, Schmid, and N. Davidson, in
preparation) . Clearly, much more work is
required before quantitative generalizations are feasible.

STRUCTURAL GENE SEQUENCES
IN ANIMAL DNAs
In the following discussion we rely on
an empirical definition of structural gene
sequence! — those DNA sequences from
which functional polysomal mRNA is
transcribed. Such sequences can be identified by hybridization with polysomal
mRNA. A- described elsewhere (Goldberg. Galau, Britten, and Davidson,
1973; Galau, Britten, and Davidson,
1974 1. the mRNA used in our experiment- is obtained by puromycin release
from polyribosomes, and is almost completely free of contamination with
hnRXA sequences.

Structural Genes Are Generally
Single-Copy Sequences
Hybridization experiments have shown
that most structural genes belong to the
single-copy sequence class. These experiments have been reviewed extensively by
Davidson and Britten (1973), to which
the reader is referred for details and references. Several important conclusions
derive from this body of work. A reliable
method for measuring multiplicity of
particular structural genes is the use of
reverse transcriptase to produce a com-
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plementary (cDNA) copy of purified
mRNA. The cDNA is then hybridized
with whole-cell DNA and the kinetics
analyzed. The cDNA procedure has been
used to show that several isolated purified mRNAs are single-copy transcripts.
Such experiments yield easily interpretable kinetic data, since they do not depend on assumptions regarding mRNADNA hybridization kinetics, which are
found to vary somewhat depending on
the RNA used. For example, current
studies in our laboratory show that while
as much as 75% of total sea urchin embryo mRNA can be hybridized at moderate DNA/RNA ratios, the reactions
approach termination only at relatively
high C0t That is, the mRNA-DNA
duplexes form 2—4 times more slowly
than DNA-DNA duplexes.
Among the purified mRNAs studied,
only histone mRNA hybridizes with repetitive sequences. There may be other
yet unidentified structural genes which
are present hundreds or thousands of
times per genome. Thus, Klein, Murphy,
Attardi, Britten, and Davidson (1974)
found that 5-7% of HeLa cell mRNA—
exclusive of histone mRNA — hybridizes
with HeLa DNA at low Cot. However,
the overwhelming majority of mRNAs
are transcribed from single-copy sequences. A clear demonstration of this
was accomplished by Galau et al. (1974)
in an experiment described in another
context below. In this work total sea
urchin embryo mRNA in excess was reacted with labeled nonrepetitive DNA,
and the hybridized RNA tracer was then
reassociated with whole DNA (see Fig.
5). The kinetics of the latter reaction
were exactly those predicted for a singlecopy DNA component, and little or no
repetitive sequence reaction could be
detected.
The sequence organization of mRNAs
and that of heterogeneous nuclear RNA
(hnRNA) differ in at least one important
respect. Though hnRNA consists mainly
of single-copy sequence transcript, most
of the molecules also contain covalently
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linked repetitive sequence elements. In
contrast, mRNA doe.- not. A summary of
one kind of data supporting this assertion
is presented in Table 3. Here two methods of hybridization are compared. The
"urea-phosphate hydroxyapatite" assay
measures binding of hybridized mRNA
in the absence of any RNase treatment,
so that all parts of an RNA molecule containing a stable duplex region are bound.
Thus, the whole of an RNA fragment
containing an interspersed repetitive sequence region would bind in ureaphosphate after a low Cut incubation with
DNA, while in an assay method including RNase treatment, only that fraction
of the molecule actually within duplex
regions is scored as hybrid. A molecule
which consists entirely of repetitive sequence should give the same answer in
both assay systems. Table 3 shows that
the fraction of HeLa mRNA which binds
to hydroxyapatite at low Cot (about 7% )
is the same as that which is resistant to
ribonuclease. Thus this fraction is transcribed entirely from repetitive sequences.
The vast majority of the mRNA molecules appear to consist of nonrepetitive
sequence transcript, and since they do
not bind to hydroxyapatite in urea-phosphate after low C()t incubation with
DNA, they must consist entirely of nonrepetitive sequence transcripts. In contrast, an average of one-third of each of
the hnRNA fragments in Table 3 is
transcribed from repetitive sequence and
about two-thirds from nonrepetitive sequence. This follows from the fact that
three times more hnRNA binds after low
Cot hybridization without ribonuclease
treatment than is resistant to ribonuclease. The validity of these conclusions
of course depends on lack of extensive
RNA degradation during the hybridization procedure. This condition is met. as
shown in the second and third columns of
Table 3. The conclusion that hnRNA
molecules contain interspersed repetith~e
sequences has also been reached for HeLa
cell hnRNA by Darnell and his associates
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Fig. 5. Reassociation of sea urchin DXA fractions (Galau et al., 1974). Reassociation of whole
450-nucleotide-long DXA (solid circles) at 60°C. Data are expressed in terms of equivalent Cots
(CV corrected for the accelerating effects of [Na+] greater than 0.18 M) . The curve is a leastsquares fit to the data, utilizing three kinetic components (two of these are not shown). Reassociation of the nonrepetitive sequence component in the whole DNA is indicated by the dashed line.
It.- second-order rate constant is 1.31 X 10"3. Reassociation of nonrepetitive 3H-DNA (length
about 220 XT) with a 10.000-fold excess of 450-nucleotide-long whole DNA (triangles) and with
itself (open circles) are also shown. The Cots for the latter self reactions are corrected to the
equivalent Cot in whole DXA. The curve through the data is a least-squares, second-order fit with
a rate constant of 0.91 X 10~3. Included are data describing reassociation of selected 3H-DNA extracted from RXA-DXA hybrids with whole 450-nucleotide-long DNA (solid triangles) and with
itself (solid square). A fit to these data was virtually identical to that for the total nonrepetitive
TBE-DNA— whole DXA reaction. The second-order rate constant for the reaction of previously hybridized DXA with whole DXA was calculated to be 1.01 X 10~:!.

(Darnell et al.} 1974) , and for ascites cell
hnRNA by Holmes and Bonner (1974).
Size of Structural Gene Sequences
The question of structural gene length
distribution can also be approached by
analyzing the mRXA transcription product-. For HeLa cell mRNAs, the best
studied case, the weight average size of
the RNA molecules is on the order of
2700 nucleotides 'see review in Davidson
and Britten. 1973). However, the distribution of mRXA sizes is skewed, and the
median length of mRXA molecules, the
length such that half the molecules are
larger and half smaller, is around 1400
nucleotides.
This length includes about

200 nucleotides of poly (A). Similar
mRNA size distributions are found in
many animal cell types. Furthermore, it
seems clear that eukaryotic mRNAs are
not in general polycistronic (Peterson
and McLaughlin, 1973; reviewed by
Davidson and Britten, 1973) . A typical
animal structural gene thus appears to
exist in the DNA as a single nonrepetitive
sequence. Subtracting the poly (A) sequence length, the median size of the distribution of structural gene sequence
lengths would be about 1200 nucleotides.
The mean length (weight average)
would be about 2500 NT. Certain particular structural gene sequences are, of
course, up to an order of magnitude larger
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3. Hybridization Properties of Messenger and Nuclear RNAfl
Weight Average Size of
RNA

%oi
RNA Hybridized!
Assay
Assa

Molecules*

Before
Hybridization

After

Cot

Hybridization

HeLa mRNA
with
HeLa DNAJ

40

2000
nucleotides

2000
nucleotides

Sea urchin
hnRNA
with
Sea urchin
DNA§

3000
nucleotides

1100
nucleotides

RNA and DNA,
Hybridized

y
Urea-Phosphate
Hydroxyapatite
5.6
7.0

40

7.2
22.4
24.6
23.2
21.2

RN

ase-Sephadex
7.0
7.1

7.9
8.4
8.5
7.8

*RNA size determinations were made by formaldehyde sucrose gradient analysis.
fNo increase in percent of RNA hybridized at low C0t could be observed at increased DNA/RNA
ratios. In the urea-phosphate hydroxyapatite assay samples are brought to 0.2 M phosphate buffer,
1% SDS, 8 M urea after incubation, and placed directly on hydroxyapatite columns in this buffer
at 40°. Single-stranded RNA does not bind to such a column, while total RNA containing a hybridized
portion does bind. The RNase-sephadex assay involves a high-salt RNase treatment (0.24 M phosphate buffer) which degrades all RNA not duplexed with DNA. The samples are then placed over
sephadex G200 columns which exclude hybrids and include RNA degradation products. (See Smith
et al., 1974, for further details).
JHeLa mRNA was prepared from a polysomal fraction. The DNA fragments measured 300 nucleotides in alkaline sucrose gradients. Data from Klein et al., 1974.
%Strongylocentrotus purpuratus hnRNA was prepared from gastrula nuclei. The DNA fragments
measured 300 nucleotides in alkaline sucrose gradients. Data from Smith et al., 1974. Similar results
could be expected with HeLa hnRNA, which has been shown to contain both repetitive and nonrepetitive sequence transcript, covalently linked (Darnell and Balint, 1970; Molloy et al., 1974).

than this, such as that coding for the
huge silk fibroin protein (Suzuki and
Brown, 1972). Others, such as the 500600 nucleotide a-hemoglobin structural
gene, are significantly smaller.
A significant though speculative conclusion isthat the length distribution for
interspersed single-copy sequence elements in sea urchin and Xenopus DNAs
is very similar to the length distribution
expected for structural gene sequences.
How Many Structural Genes Are
There in the Animal Genome?
To answer the question posed by this
heading would require measurement of
the number of different species of functional mRNA active throughout the life
cycle. Even more onerous, such a measurement should in principle include all
behavioral states for which the animal
might require special information in the

form of otherwise unused structural
genes. No one has yet approached such
a formidable task. Until very recently, in
fact, no measurement of the number of
species of mRNA present at even a single
stage of the life cycle has been available.
The first observation of this kind was
carried out in our laboratory by Galau
et al. (1974) and is summarized in Figs.
5 and 6.
Large amounts of mRNA were isolated
from polysomes of sea urchin gastrulae.
As noted above, the method of extraction
ensures that the only heterogeneous RNA
sequences in the preparation are those of
mRNA. The mRNA is then hybridized
in excess with very small quantities of a
highly labeled DNA fraction consisting
mainly (>95%) of nonrepetitive sequences. The reassociation of the nonrepetitive tracer with whole sea urchin
DNA (solid circles) is shown in Fig. 5
(open symbols) . It is clear that the non-
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Fig. 6. Hybridization of nonrepetitive 3H-DNA with messenger RNA (Galau et al., 1974). Hybridization mixtures containing excess mRNA and the 3H-labeled nonrepetitive DNA fraction
whose reassociation with whole DXA is shown in Fig. 5 were incubated to the RNA Cots shown.
Four different preparations of mRNA were used, as denoted by the different symbols. Two method- of presenting the same data are shown. The curves were calculated according to a pseudo firstorder rate equation. Solid lines represent the least-squares solution for the data. The first-order
rate constanl of this fit is 0.010. The hybridization extends from 0.0006 to 1.016% of the nonrepetitive "H-DNA. That is. the extent of the observed reaction is 1.01% of the :iH-DNA in the experiment. RNA equivalent Cot is denoted bv RNA Cut on the abscissa.

repetitive DXA fraction reassociates with
the expected kinetics (see legend to Fig.
5). Figure 6 shows the result of the reaction of mRNA with the nonrepetitive
DXA. Since the mRNA is present in
excess, its concentration does not change
appreciably during the reaction, and the
hybridization occurs with first-order
kinetics at a rate determined by the concentration ofhybridizing RNA sequences.

Figure 6 illustrates the first-order form
of this hybridization reaction. At completion of the reaction about 1% of the
total labeled DNA is hybridized, as indicated on the ordinate of Fig. 6.
To determine whether hybridization
had indeed occurred between mRNA and
nonrepetitive DNA sequence, the hybridized DNA was extracted and its complementarity tothe mRNA proved by a
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second reaction with mRNA. When the
hybridized DNA was then reacted with
whole DNA, it reassociated at exactly the
rate characteristic of nonrepetitive sequence. These data are included in Fig.
5 (solid triangles) . Therefore the amount
of hybridized single-copy DNA at completion of the reaction of Fig. 6 provides
a direct measure of the mRNA complexity. Taking into account that 75% of sea
urchin DNA is present in nonrepetitive
sequence (Graham et al., 1974) and that
structural gene DNA is represented
asymmetrically in polysomal mRNA, it
is calculated that the 1% of the nonrepetitive DNA hybridized represents
an mRNA complexity of about 17 million nucleotide pairs. If we assume a
median length for structural gene sequences of about 1200 nucleotides (see
above) , such an mRNA complexity is
sufficient to comprise some 14,000 distinct
structural genes. This value also gives an
approximation of the number of diverse
proteins being translated in the gastrula.
Another conclusion derived from the data
of Fig. 6 is that probably 10-30% of the
REPETITIVE
NEAR
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total mRNA molecules includes most of
the diverse species of mRNA. That is,
most of the mRNA population consists o:
a relatively small number of diverse
species represented a relatively large
number of times. This conclusion depends on the rate of hybridization, which
is about ten times slower than it would
have been if all the mRNA species were
of the class whose hybridization is measured, assuming that the rate of hybridization (in excess RNA) approximates the
rate of DNA-DNA duplex formation. If
the RNA-DNA rate is slower, the fraction of the mRNA occupied by the diverse mRNA species class will be proportionately larger.
If as many as 14,000 structural gene
products are required to program an embryo as simple as a 600-cell sea urchin
gastrula, it would seem likely that far
more exist in the genome as a whole.
Thus an appreciable fraction of the interspersed single-copy sequence elements
in this genome could consist of structural
gene sequences.

SEQUENCE
STRUCTURAL

ELEMENTS
GENES

Here we ask whether single-copy structural gene sequences are indeed contiguous to the interspersed repetitive
sequence elements in the genome. Our
approach has been to isolate that fraction
of nonrepetitive DNA which is contiguous to repetitive sequence elements in the
genome and to compare the hybridization
of mRNA with this DNA fraction to the
hybridization obtained with whole DNA.
In the following description we will refer
to the preparation of DNA we studied as

tured to low C0t in order to ensure duplex
formation only in repetitive sequence
regions. An outline of the fractionations
used is provided in Fig. 7. As expected,
the bound DNA fragments contain both
repetitive and nonrepetitive sequences.
Following a preliminary fractionation at

the "repeat-contiguous" DNA fraction.
These experiments are reported in detail
by Davidson, Hough, Klein, and Britten
(in preparation).
To obtain the repeat-contiguous DNA
fraction, fragments of sea urchin DNA
2000-3000 nucleotides long were rena-

bound fraction is the "repeat-contiguous"
fraction. Though it contains trace
amounts of most of the single-copy regions in the genome, the large majority
of sequences present in the repeat-contiguous DNA preparation represents only
20-30%
of the total single-copy se-

extremely low C{)t to remove the "foldback" DNA fraction (Fig. 7). the fragments are sheared to 450 nucleotides,
incubated to C0t 10. and again fractionated on hydroxyapatite. The non-

112

CARNEGIE

Sheared

sea urchin
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DNA

Cot 40

Not

Bound

bound

Fragment length
about
1800
nucleotides

(nonrepetitive
sequences)

Cot 20

Cot <I0"6"Foldback
Bound

Not bound
(repetitive and contiguous
nonrepetitive sequences)
Shear to 450
nucleotides
Cot

Not

fraction

500

bound

(nonrepetitive
sequences)
"Repeat-

Bound
(repetitive
sequences)

fraction
contiguous"

Fig. 7. Preparation of a sea urchin fraction containing nonrepetitive sequences which are contiguous to repetitive sequences in unfractionated DNA (Davidson, Hough, Klein, and Britten, in
preparation). The DNA measured 3700 nucleotides in alkaline sucrose gradients before fractionation and about 1800 nucleotides after the first hydroxyapatite fractionation and until the final
shearing and fractionation step. Though only one fractionation is diagrammed, two successive lowC«t fractionations were actually carried out. After removal of foldback fractions at Cot 0.006 (inrand duplex), the fragments were sheared to 450 NT, reassociated to Cot 10, and again fractionated inhydroxyapatite. DNA not bound after this Cot 10 incubation consisted mainly of
single-copy sequence. This fraction, termed the "repeat-contiguous fraction" was hybridized with
labeled rnRXA. Except for trace contaminants present at very low concentration, repeat-contiguous DXA includes 20-30% of the total single-copy complexity.
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4. Model Calculations of Sequence Organization around Structural Gene*
from mRNA

I.

Hybridization Data*

mRNA hybridization data. The values are subject to uncertainty in determining the exact
termination of the hybridization reaction. We estimate this uncertainty to be about ±0.05.
The mRNA fragments used had a modal length of about 550 nucleotides.
A. Fraction of mRNA hybridizing with whole DNA
0.65
B. Fraction of mRNA

II.
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hybridizing with repeat-contiguous DNA

0.50

mRNA hybridization calculation. The fraction of mRNA which could hybridize with repeatcontiguous DNA is calculated from a typical mRNA size distribution curve, assuming that
the DNA fraction includes 1750 nucleotide pairs of nonrepetitive sequence from each side
of every interspersed repetitive sequence. f The calculated hybridization is normalized to a
total possible hybridization of 0.65, as in I. A. above. In actuality, of course, the fragment
length is not uniform, and the modal fragment length is used here. Calculations based on
this length give estimates of repeat-contiguous DNA complexity which agree with
measurements.
A. If all structural genes are contiguous to repetitive sequences at one end. .0.50
B. If all structural genes are contiguous to repetitive sequences at both ends. 0.62
C. If structural genes are randomly distributed in the genome with respect to
repetitive sequence elements. This calculation merely reflects the complexity of the repeat-contiguous DNA as measured in several ways
0.12-0.22

III.

Estimations of the fraction of expressed gene sequences (mRNAs) which are contiguous to repetitive
sequence elements by comparison of the hybridization data (I) with the model calculations (II).
These estimates are subject to the uncertainties and assumptions noted above.
A. If structural genes have repetitive sequences at only one end. This represents a
maximum estimate.
(Ib) .5
(IIa).5
0.8 end
B. If structural genes have repetitive sequences immediately adjacent to =each
(a minimum estimate).
(Ib) -5
(IIb).62

*Davidson, Hough, Klein, and Britten, in preparation.
fThe weight average mRNA size is 2500 nucleotides; the largest mRNA molecules are over 10.000
nucleotides long. Given that the mRNA fragments require about 50 nucleotides in duplex to form
stable hybrids, 500 nucleotides could extend beyond the length of the DNA. For purposes of calculation, the available length of DNA sequence available is assumed to include exactly 1750 nucleotides
of nonrepetitive sequence on each side of the repetitive sequence. The repeat-contiguous DNA was
measured as an average of 1800 nucleotides long in alkaline sucrose gradients, and 50 nucleotides
of this is required for binding in the selection of the fraction.

quence. These are the sequences which
were adjacent (within the range 0-1800
NT) to repetitive sequences in the starting DNA. The extent of hybridization of
mRNA with this repeat-contiguous DNA
fraction is compared with the hybridization of the same mRNA with whole
DNA (sheared to the same fragment
length). In whole DNA, of course, those
single-copy sequences distant from repetitive sequence elements as well as
those sequences contiguous to them are
all proportionally represented.

Table 4 summarizes the results of this
key experiment. The extent to which this
mRNA preparation hybridized with
whole DNA is about 65 ± h^c (terminal
value). The extent of hybridization obtained with the repeat-contiguous DNA
fraction was about 50 ± 5%. If the
mRNAs were derived from randomly distributed nonrepetitive sequences only
12-20% hybridization would have been
expected (65% X 0.2-0.3). Table 4 also
presents calculations of the expected extent of hybridization based on models in
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which the repetitive sequence regions are
located only at one end. or at both ends.
of the structural gene sequences. It can
-ecu that the data are consistent with
an organization in which 80—100% of the
sequences coding lor mRNA are located
immediately next to repetitive1 sequence
regions. It is clear that the data are not
consistent with any model in which the
location of structural genes is random
with respect to the location of repetitive
sequence elements or in which structural
genes are preferentially located in regions
of the genome hundreds or thousands of
nucleotides distant from repetitive sequences.
These important conclusions require
that the mRNA hybridize with the major
sequence classes in the repeat-contiguous
DNA preparation rather than with trace
contaminants representing more distant
nonrepetitive sequence regions. That this
assumption is valid is shown (1) by the
fact that the kinetics of the hybridization reaction with repeat-contiguous
DNA are just the same, relative to the
driver DNA reassociation kinetics, as
with whole DNA (where there are no
"rare" sequences i. and (2) by an experiment u<ing the principle of Fig. 4,
in which the size of the particle containing the mRNA hybrids is determined by
agarose gel filtration. Both forms of evidence demonstrate that the mRNA hybridize- exclusively with
the
major
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repetitive sequence elements.
Though history may well prove us
wrong, we believe that these observations
are highly significant for the field of
structural gene regulation. We have
learned that the genome is highly ordered
with respect to the spacing and interspersion of repetitive and nonrepetitive
sequence elements. The last experiments
place the structural gene in this pattern
of sequence arrangement. We note that
this evidence fulfills a crucial prediction
of the Britten-Davidson model of gene
regulation (Britten and Davidson, 1969;
Davidson and Britten, 1973). In this
model the coordinated transcription of
sets of structural genes is organized
through the interaction of sequencespecific hybrids with homologous repetitive sequence elements. These "receptor
sequences" are predicted to be located
contiguous to the 5'-end of the structural
genes (with respect to the mRNA). It
remains to be seen whether the repetitive
sequence elements in the genome are present in this location and, more importantly, whether they indeed play a role
in the activation of transcription.
CITED
A.N.U. Press, Canberra, Australia,
1974.

in press,

Brittf-n. H. J., .'irul K. H. Davidson, Science, 165,
349, 1009.
Britten, R. .].. in Evolution of Genetic Systems,
H 11. Smith, ed., Gordon and Breach, New
York. p. 80. 1072.

Darnell, J. E., and R. Balint, J. Cell Physiol, 76,
349, 1970.
Davidson, E. H., and R. J. Britten, Quart. Rev.
Biol, /,8, 565, 1973.
Davidson, E. H., and B. R. Hough, ./. Mol. Biol,

Britten, R. J., and J. Smith, Carnegie Inst.
Wash. Year Book 68, \>. 378, 1070.

56, 491, 1971.
Davidson, E. H., B. R. Hough, C. S. Amenson,
and R. J. Britten, J. Mol. Biol, 77, 1, 1973.

1

mberlin, M., R. J. Britten, and E. H. Davidson, •/. Mol. Biol., submitted, 1074.

Darnell, J. E., et al., in The Eukaryote ChromoHom(<, \\ . J. Pf-ac-or-k and R. D. Brock, eds.,

Davidson, E. H., B. R. Hough, M. E. Chamberlin, and R. J. Britten, Develop. Biol, 25, 445,
1971.

DEVELOPMENTAL

BIOLOGY

RESEARCH

Davis, R. W., M. Simon, and N. Davidson, in
Methods in Enzymology , vol. 21, L. Grossman
and K. Moldave, eds., Academic Press, New
York, p. 413, 1971.
Galau, G. A., R. J. Britten, and E. H. Davidson,
Cell, 2, 9, 1974.
Gelderman, A. H., A. V. Rake, and R. J. Britten,
Proc. Nat. Acad. Sci., 68, 172, 1971.
Goldberg, R. B., G. A. Galau, R. J. Britten, and

115

GROUP

Klein, W. H., W. Murphy, G. Attardi, R. J.
Britten, and E. H. Davidson, Proc. Not. A<;o<i .
Sci., 71, 1785, 1974.
Kram,
and J. K. Hearst.. ./. M ' <,[.
Biol., R.,
64, M.103,Botchan,
1972.
Lagowski, J. M., M.-Y. W. Yu, H. S. Porn ast,
and C. H. Laird, Chromosoma (Berl.), Ifi,
340, 1973.
Molloy, G. R., W. Jelinek, M. Salditt, and J. E.
Darnell, Cell, 1, 43, 1974.

E,1H- ^vidson, Proc. Nat. Acad. Sci, 70, Feiersen> N g> and c g McLaughlin. ./. Mol.
3516, 1973.
Biol> 81> 33 1973
Graham, D. E., B. R. Neufeld, E. H. Davidson, Rice, N., Carnegie Inst. Wash. Year Book 69, p.
and R. J. Britten, Cell, 1, 127, 1974.
472, 1971.
Smith, M. J., B. R. Hough, M. E. Chamberlin,
Hogness, D., et al, in The Eukaryote Chromoand E. H. Davidson, J. Mol. Biol, 85, 103.
some, W. J. Peacock and R. D. Brock, eds.,
1974.
A.N.U. Press, Canberra, Australia, in press,
1974.
Suzuki, Y., and D. D. Brown, J. Mol. Biol. 03.
409, 1972.
Holmes, D. S., and J. Bonner, Proc. Nat. Acad.
Wilson, D. A., and C. A. Thomas, Biochim. BioSci., 71, 1108, 1974.
phys. Acta, 331, 333, 1973.
Kedes, L. H., and M. L. Birnstiel, Nature (New
Wu, J.-R., J. Hurn, and J. Bonner, /. Mol. Biol.
Biol), 230, 165, 1971.
64, 211, 1972.
RESEARCH
Roy J. Britten, Senior Research Associate

STAFF
Francine C. Eden, Research Fellow — Ameri-

can Cancer Society fellowship
Eric H. Davidson, Professor
Barbara R. Hough, Senior Research Fellow Berney R. Neufeld, Visiting Associate
Glenn A. Galau, Graduate Research Assistant
Michael J. Smith, Senior Research Fellow
Dale E. Graham, Research Fellow — Carnegie Christopher S. Amenson, Graduate Research
Institution of Washington Fellowship
Assistant

William H. Klein, Research Fellow— Damon
Runyon Fellowship

Barbara J. Wold, Graduate Research Assistant

Robert C. Angerer, Research Fellow — American Cancer Society Fellowship

Margaret

Robert B. Goldberg, Research Fellow — U.S.
Public Health Service Fellowship

Jane Rigg, Senior Research Assistant
E.

Chamberlin,

Senior

Denise Painchaud, Research Assistant

Research

Hale Observatories
Operated by Carnegie Institution of Washington
and California Institute of Technology
Pasadena, California

Horace W. Babcock
Director
J. Beverley Oke
Associate Director

OBSERVATORY

COMMITTEE

Horace W. Babcock, Chairman
J. Beverley Oke, V ice-Chair man
Robert B. Leigh ton
Guido Munch
George W. Preston
Allan Sandage
Leonard Searle
Harold Zirin

Carnegie Institution of Washington Year Book 73, 1973-1974

Contents
Introduction

121

Observing Conditions

126

Physics of the Sun
127
Large-scale solar magnetic fields . . 127
Data system for 150-foot tower . . .128
Velocity fields in the atmosphere . .128
Big Bear instrumental program . .128
The ultraviolet solar spectrum
. . .129
Flare activity
129
Photospheric oscillations
....
129
Umbral
oscillations
and penumbra]
waves in sunspots
130
Solar System Studies
Infrared observations of Venus
Infrared observations of Jupiter
Jupiter
Titan
Uranus
Pluto
Comet 1973k
Comet Kohoutek

.
.

130
. 130
. 130
131
131
132
132
132
132

Stellar Spectroscopy and Photometry . .133
Spectrophotometry of B-type stars . -133
Carbon abundances in rapidly rotating B
type stars
133
White dwarfs
133
Halo population
134
Helium-weak B stars
134
Early A stars
135
T Tauri stars
135
Stellar magnetism
135
Stellar Chromospheres
136
Chromospheric variability
. . . .136
Absolute magnitudes of late-type giants 136
Test of the K line width-luminosity
relationship
136
Infrared Sources
136
Source No. 819-636— a planetary nebula?136
Protostellar objects
137
2.2 ^ map of the galactic center . .140
Southern sources
140
Millimeter-Wave Observations
Photometry

. . . 140
140

Interstellar Matter and Gaseous Nebulae .141
Neutral oxygen in the Orion Nebula . 141
The Crab Nebula
141
X-Ray Sources
Cygnus X-l: spectroscopic observations
Cygnus X-3: infrared observations .
Cygnus Loop

141
141
. 143
143

Supernovae
Supernova search
The supernova 1972e
Classification of supernova spectra

143
143
144
. 144

.

Galaxies
144
The color-magnitude diagram for elliptical galaxies leading to distances on
the relative scale of the Virgo Cluster 144
History of star formation in galaxies
. 146
Origin of spiral structure . . . .146
Velocity fields in spiral galaxies
. .147
Rotation curves
14^
Infrared photometry
149
Outlying satellites of large galaxies . . 150
Structure
and dynamics
of elliptical
galaxies
150
The mass of M31
151
Clusters of Galaxies
151
The de Vaucouleurs groups ....
151
Tidal distortions of cluster galaxies . .152
X-ray clusters of galaxies ....
152
Radio Sources
3CR sources

153
153

Quasars and Quasi- Stellar Objects
. . 153
Space distribution
153
Spectroscopic surveys
154
Observations with a photon-counting TV
system
154
BL Lacertae
155
OQ 172 and OH 471
155
Observational Cosmology
155
Measurement of the expansion velocity
field and the mean random motion of
local field galaxies. The value of q0 . 155
Test for real versus apparent recession . 156
Distant clusters of galaxies
....
158
Instrumentation
Interferometric imaging device .
Double Fabry-Perot monochromator
Image intensifiers at the 5-meter coude
SIT vidicon area photometer . .

159
. 159
. 159
160
. 160

Astroelectronics Laboratory
....
161
General
161
Automatic telescope control system . . 161
The 5-meter telescope computer system . 161
Digital image recorder
162
Guest Investigators

162

Photographic Laboratory

172

Du Pont Telescope
Optics
Control system
Auxiliary instruments

174
174
175
175

Las Campanas Observatory
Site development

.

.

.

.176
178

Bibliography

178

Staff and Organization

184

INTRODUCTION
The Hale Observatories share in a
fortunate and challenging situation
that prevails in astronomy today. As
new observational data are gathered
and interpreted, some of the most fundamental problems of the physical
world are yielding to the quest for new
knowledge. Yet current advances seem
small in view of the opportunities that
can be discerned or anticipated. In
short, astronomy is not problemlimited.
As far as optical astronomy is concerned, the pace of research is determined by the availability of observing
time with large telescopes at good locations and by the effectiveness of auxiliary instruments that astronomers attach to these telescopes. In fact, many
observations are made with very low
efficiency in the sense that detectors
such as the photographic plate respond
to only a minute fraction of the photons
collected by the telescope.
Observational astronomy benefited
greatly from the work of the Image
Tube Committee organized by the Carnegie Institution in 1954 and chaired by
Dr. Merle Tuve of the Department of
Terrestrial Magnetism. The technology
and availability of photoelectric image
tubes were very significantly advanced.
The primary use of such tubes is as
preamplifiers to intensify optical images before they are recorded photographically. The gain in speed is most
welcome, but the process remains nonlinear, and there are undesirable losses
in resolution and in field fidelity. For
some time it has been evident that video
systems capable of photometric performance at a high level of precision must
be developed.
At several observatories intensive efforts are being made to develop photometric image recorders, and indeed
some have been successfully used. Such
systems respond to incoming photons in

each of a very large number of picture
elements, so that for each such element
the photon count or its equivalent is
stored in a computer memory. High
photometric precision can be achieved,
and of enormous importance is the
capability of subtracting from the picture the undesired radiation of the sky
(aurora, zodiacal light, and artificial
pollution) that interferes with optical
observations of faint objects. Perfected
photometric image recorders with the
desired resolving power, linearity, spectral response, field size, and datahandling capability may be said to represent one of the greatest needs of the
optical astronomer.
To return to the aims of research in
astronomy, it may be appropriate to list
a few of the broader questions that not
only guide so much of current research
but also have a wide philosophical apHow long has the expansion of the
peal:
universe
been going on? Is the expansion turbulent and irregular or is it
smooth and isotropic? Is the density of
the universe sufficient to halt the expansion, given enough time? Were
quasi-stellar objects (QSOs) much more
numerous when the universe was
young? Do QSOs characteristically
occur in the nuclei of galaxies? What is
the history of chemical elements in the
universe? Is a great deal of the material
in the universe in a dark or invisible
form? What causes the spiral structure
of galaxies? Can we trace the complete
evolutionary history of most stars, and
what is the history of star formation in
galaxies? How are celestial x rays produced, and what is the observational
evidence for black holes? What causes
the segregation of particular chemical
elements in patches on the surface of
magnetic stars? Is the interior of the
sun really spinning far faster than the
surface? How was the solar system
121
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formed,
and
how
general
is the
phenomenon?
These questions are typical of many
that engage the attention of astronomers today. Some of them have been answered; others are under investigation. But for each one that is answered,
new questions
are generated,
sometimes in totally unexpected ways. A few
recent advances have been selected for
comment in the following paragraphs.
Space Distribution of Quasars.
Schmidt has analyzed the distribution
in space of quasars, comparing the local
space density with the density at great
distances where the quasars show very
large redshifts. Looking back to a time
when the universe was one third its present age (corresponding to a redshift of
2), he finds almost 1000 times as many
quasars per unit volume as occur locally. This derivation of the space distribution of quasars requires knowledge of a complete sample to specific
limits of optical and radio flux densities,
It involved a spectroscopic survey by
Schmidt of 88 quasars for which identification depended on data from the
third and fourth Cambridge Catalogue
of Radio Sources. Optical flux densities
were obtained with the multichannel
spectrometer on the Hale Telescope,
The quasars were brighter than visual
magnitude 19.7.
Observational Cosmology. The rate of
expansion of the universe is specified by
the Hubble constant, H0. According to
the latest results of Drs. Allan R. Sandage and G. Tammann, it is close to 55
kilometers per second per megaparsec.
This is the result of a major long-range
program that has been carried on for the
past ten years and which has recently
been prepared for publication in a series
of six papers. Details of the steps and
interim results have been reported in
the three most recent Annual Reports,
The revision, which has led to a result
one tenth as great as that derived by
Hubble some 40 years ago, has come
about through improvements in the distance scale and through careful and sys-
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tematic calibration of the necessary sequence
of steps. During
the final
analysis, new results were obtained
that bear on the regularity of the Hubble expansion field and on the lack of
systematic perturbations to the motion
caused
by density
fluctuations
of
nearby galaxies.
It had heretofore been assumed that
the Virgo Cluster of galaxies suffered a
large velocity perturbation due to the
presence of the local supercluster; Sandage and Tammann found, however,
that the local Hubble ratio at the Virgo
Cluster is 57 ±6 km s_1 Mpc-1 , which is
indistinguishable from the Hubble constant of 55 ± 6 km s_1 Mpc-1 that they
had previously found for the remote
supergiant spiral galaxies. To investigate further, they examined the Hubble
ratio for individual nearby galaxies
whose distances had been determined
from H II regions and found that all the
nearby galaxies closer than 20 Mpc also
showed virtually the same Hubble constant with a mean value of 57 ±3 kms-1
Mpc-1 . The agreement of these three
values and the lack of systematic variation of//0 with supergalactic longitude
has led Sandage and Tammann to conelude that the velocity field of nearby
galaxies is, as nearly as they can measure it, regular, linear, and isotropic.
The analysis was carried one step
further to solve for the mean random
motion of local galaxies in the general
field (i.e., with distances between 2 and
20 Mpc). Fundamental distances to
these galaxies as derived from H II regions and brightest resolved stars, combined with measured redshifts, gave no
detectable random motion component
to the general expansion field at an rms
level of about 50 km s_l . Hence the
Hubble velocity flow was also found to
be smooth within the limits of measurement. They conclude that the distance to any galaxy can apparently be
found with high accuracy from the
velocity-distance relation itself, even
for galaxies with velocities as small as
200 km s_l .
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Mean Density of the Universe. Gunn trometer has been used by Oke and
and J. R. Gott, III, of Caltech, together Gunn in continuing studies of the peculwith Dr. D. N. Schramm and Dr. B. M. iar object BL Lacertae. For some time it
Tinsley, both of the University of Texas, has been known that relatively faint
have assembled available evidence extensions surround a bright variable
bearing on the question of the mean nucleus having an essentially featuredensity of the universe, paying closest less spectrum. By using an entrance
attention to the "local evidence," mostly annulus rather than a simple aperture
chemical and dynamical. They find that in the multichannel spectrometer, the
all such evidence points to a universe in observers were able to obtain specwhich the density is about 5% of critical, trophotometric data on the faint outlyThe primary lines of evidence are the ing parts of the object. It was found that
dynamics of small groups of galaxies the extensions have an energy distribuand of the Local Group, both of which tion corresponding to a normal giant
point to the above value; the dynamics elliptical galaxy, and that the redshift
of the local supercluster, which gives an derived from absorption features is
upper limit to the density in the above 0.07, corresponding to an absolute visneighborhood; the abundances of ual magnitude of- 22.9 for the galaxy,
helium and deuterium (and now, The central source at its brightest is
perhaps, lithium), which, if primordial, seven times as bright as the galaxy and
give the above value; and ages both of is comparable in luminosity and specold stars and of the r-elements, which tral index to known quasars. Oke and
give numbers consistent with low Gunn conclude that BL Lac appears to
densities. Models of high-density uni- be a typical quasar in most respects.
verses can be derived that are consis- They point out that as the galaxy
tent with all of these phenomena, but around the object appears to be a noronly in very contrived ways.
mal old elliptical galaxy, the quasar
Distant Clusters of Galaxies. Gunn phenomenon is not confined to young
and Oke have completed the first phase galaxies. These results are further indiof a study of distant clusters of galaxies , cations that quasars are associated with
mostly with the 1.2-meter Schmidt tel- the nuclei of elliptical galaxies, a conescope. For 23 galaxies in 21 clusters, elusion that had been reached earlier by
energy distributions and redshifts have Kristian and Sandage from observabeen measured. Analysis of the results tions of N galaxies and quasars,
was done both with and without consid- Quasar Spectroscopy with a Photoneration of brightness evolution; it re- Counting System. Sargent collaborated
suited in formal values for <70, the decel- with Professor A. Boksenberg of Unieration parameter. The same inves- versity College, London,
in making
tigators are progressing with a survey spectroscopic observations at the coude
employing a 90-mm magnetically fo- spectrograph of the Hale Telescope with
cused image tube at the prime focus of a photon-counting video system that
the 5-meter telescope to find still fainter had been built at University College,
clusters of galaxies. Limiting exposures The instrument consists of a high-gain
in the 6000-7000 A band require four to four-stage
electrostatically
focused
five minutes. About 15 very faint clus- image tube followed by a commercial
ters have been discovered for which vis- video camera tube. The location of each
ual magnitudes of the brightest galax- photon event on the image-tube phosies are 21 to 23. A few of the brightest of phor is stored in a computer: these
these have been observed with the mul- events are electronically preprocessed
tichannel spectrometer; they all have in order to remove ion spots and to deredshifts somewhat larger than 0.40. termine the centroid of the genuine
BL Lacertae. The multichannel spec- event. Sky subtraction is done by the
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computer and the spectrum is displayed
as a graph on an oscilloscope as the
counts are accumulated.
Sargent and Boksenberg observed
the seventeenth magnitude quasistellar object PKS 0237- 23, which has
an emission-line redshift of ^ = 2.22
and a rich absorption-line spectrum.
Earlier work on conventional spectrograms with 2 A resolution had shown
that absorption lines arise from at least
five redshift systems. New highresolution i0.31 A ) data were obtained
for the region \\ 3730-4300. Integration times of about one hour permitted
the accumulation of approximately 300
counts in each of 1000 channels. The
number of absorption lines identified
was 72. compared to 28 found on the
older conventional spectrograms of the
same wavelength region. The lines are
very sharp, having widths corresponding to velocities of less than 30 km s_1 . A
number of new redshift systems were
resolved. These new observations of
PKS 0237- 23 not only demonstrate the
power of this photon-counting photometer, but they raise some puzzling questions that heighten general interest in
the interpretation of QSO spectra.
History of Star Formation in Galaxies. In an attempt to develop a method of
determining the age distribution of
stars in a stellar population, Dr.
Leonard Searle completed at Las Campanas a program of five-color photometry of open clusters in the Magellanic
Clouds. This photometry yields, for
each cluster, three photometric
parameters that are independent of interstellar reddening. Only two of these
proved to be mutually independent and,
taken together, they uniquely determine the age of the cluster. Searle and
W. G. Bagnuolo, a graduate student,
have obtained an age calibration of the
cluster colors from computations of the
colors of synthetic stellar populations,
which, in turn, are based on theoretical
evolutionary tracks of individual stars.
Searle has applied the age-color
calibration to the interpretation of the
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measured color distribution in the
Magellanic Clouds. The star formation
histories appear to be quite different in
the two Clouds. In the Large Cloud, the
present rate of star formation in the
Bar, taken as a whole, is found to be an
order of magnitude smaller than the
average rate in the past, although there
are large variations from region to region. The color distribution in the main
body of the Small Cloud is much more
nearly uniform and leads to the surprising result that in it the present rate of
star formation exceeds the average rate
in the past.
Proto-Stellar Objects. A region where
stars may be forming in the vicinity of
the Orion Nebula was discovered accidentally while scanning at 2.2 /x by I.
Gatley, a graduate student, Becklin,
Matthews, Neugebauer, and Dr. M. V.
Penston of the Royal Greenwich Observatory. This region, near the
Trapezium, contains a cluster of at least
five infrared sources. It is also a source
of carbon-oxide line emission, for which
reason it has been designated Orion
Molecular Cloud II (OMC II). The cluster is in many ways similar to the
Becklin - Neugebauer/Kleinmann-Low
complex in that sizes are similar and
each contains both resolved and unresolved sources that are not associated
with visible or radio-continuum features. The luminosity of OMC II is
much less than that of the BN/KL complex; this makes it likely that the stars
being formed are of later type. An area
of one square degree was later scanned
at 2.2 /x in search for other infrared
complexes, but none were found.
Neutral Oxygen in the Orion Nebula.
The presence of neutral oxygen in the
spectrum of gaseous nebulae is a
long-standing problem. By means
of interference-filter photography
through image intensifiers, Munch and
K. Taylor have discovered that images
of the Orion Nebula in radiation of the
permitted O I multiplet kk 8446-8447
show a unique filamentary structure
not present either in [O I ] A. 6300 or in
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any other recombination or ionic radiation. They used the 1.5-meter reflector
at Palomar Mountain, together with a
two-etalon interferometric scanning
photometer to obtain high-resolution
line profiles. On the basis of these profiles, they propose a tentative explanation of the observed characteristics. It
involves the excitation of O I
aa 8446-8447 by resonance with hydrogen Lyman-/3 in density fluctuations
present in the transition zone between
H II and H I conditions. The absence of a
similar filamentary structure in Ha , a
line also produced in Lyman-/3 decay,
can be explained by assuming that in
such density fluctuations both the gas
and the dust content are higher than in
their surroundings.
White Dwarfs. Dr. J. L. Greenstein
initiated an extensive colorometric
program with the multichannel spectrometer toobtain statistics on the frequency of white dwarfs among propermotion stars of various colors. Approximately 75 new degenerate stars have
been found; all lacked prior spectroscopic or photoelectric observations.
About 40% of these are cooler than
10,000° K. In some of the circularly
polarized white dwarfs, extremely
strong unidentified broad absorption
bands have been discovered.
Spectrophotometry of B-Type Stars.
Preston reports that his observational
program of spectrophotometry of
main-sequence B-type stars is almost
complete. For 400 B-type stars, 70
known silicon stars, and 20 mercurymanganese (Hg-Mn) stars, he has
measured equivalent widths of HS , Si II
\4128-4130, and He I a 4143. Rotational velocities derived from coude
spectrograms show that slow rotation is
not a sufficient condition to produce a
silicon star, although it may be sufficient for the Hg-Mn stars. The spectroscopic survey has led also to the discovery of 22 new Hg-Mn stars and 8 new
double-lined spectroscopic binaries.
The possibility that Hg-Mn stars are
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rapid rotators seen pole-on is eliminated by observations of the four-day
eclipsing binary AR Aurigae; the primary component is a Hg-Mn star.
X-Ray Sources. Astronomers observing in the visual and infrared regions of
the spectrum have recently identified
and attempted to analyze a number of
the sources of x radiation catalogued by
equipment aboard artificial satellites.
Brucato and Zappala report new spectroscopic observations of HDE 226868,
the optical candidate for Cygnus X-l,
obtained with a coude image tube on
the 2.5-meter Hooker telescope. From
observations covering 17 nights, they
studied variable emission at Ha . It varies with phase in the 5.6-day period of
this binary star. Widths of the longward
and shortward components of emission
vary, but the components have constant
velocities with respect to the B-type
supergiant primary star, with which
the hydrogen emission appears to be associated. The ionized helium emission
at A4686, reported earlier, is known to
show velocity variations in antiphase
with the supergiant; it presumably
originates in the unseen secondary,
which may be the x-ray source.
Cygnus X-3, the x-ray source that displayed large radio outbursts in September 1972, was observed simultaneously in the infrared at 2.2 microns
with the 5-meter Hale Telescope by
Becklin, Neugebauer, Matthews, and
Wynn-Williams and at x-ray
wavelengths with the Copernicus Satellite by a group at the Mullard Radio
Astronomy Laboratory, England. Synchronous 4.8-hour variations were
found in the two wave-bands, thus uniquely associating the x-ray source with
the infrared source. Further, shortterm variability in the infrared flux of
Cyg X-3 was observed on a 1-minute
time scale; this may be related to the
flares observed at radio wavelengths.
The data suggest that Cyg X-3 is an
eclipsing binary system and that the
infrared radiation originates in a
highly unusual object.
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Infrared Observations of Jupiter.
Wesphal, with K. Matthews and R. J.
Terrile, a graduate student, observed
Jupiter in the infrared with a new
indium-ant imonide detector system on
the 5-meter Hale Telescope. A great
improvement m signal-to-noise resulted from the new detector and from
the
secondary Over
mirror"
method"wobbling
of signal modulation.
500
pictures of the 5-micron flux distribution from Jupiter were collected, many
of them under superlative seeing conditions with 1 arc sec resolution. Of particular interest are a number of small
spots of 5-micron radiation at high
latitude. These can be correlated with
peculiar small dark rings with white
centers seen on color pictures taken
from the ground and by Pioneer 10. Terrile is working on their interpretation.
Physics of the Sim. Howard has
analyzed a large amount of data on
solar magnetic fields that have been accumulated for the past seven years.
Within this interval there were on the
northern hemisphere of the sun at least
two poleward migrations of positive polarity magnetic flux and one migration
of negative flux. The two positive migrations were probably associated with
two poleward filament migrations. This
is the first record of two filament migrations in one solar cycle in the same
hemisphere. The second positive flux
migration resulted in a more or less
permanent change in the polarity of the
north polar field in mid-1971. The negative poleward flux migration evidently
originated from an increase in negative
flux in the sunspot latitudes in both
hemispheres around the time of solar
activity maximum. In the southern
hemisphere a similar negative migration about the same time resulted in a
OBSERVING
The 2.5-meter Hooker telescope at
Mount Wilson was used for observations on 237 complete nights and 69
partial nights for a total of 2638 hours.
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weak reversal of the polar fields during
1969.
Zirin
collaborated
with
Dr.
G.
Brueckner and Dr. R. Tousey, coworkers at the Naval Research
Laboratory, in comparing solar
spectrograms made at Big Bear with
new results from Sky Lab of the National Aeronautics and Space Administration. Particular emphasis was
placed on the distribution of emission in
various lines of the extreme ultraviolet
compared with the observed morphology in the visible chromosphere. Several conclusions were reached:
1. Coronal line emission in such lines
as Fe XV appeared only above the most
intense Ha plages.
2. Chromospheric ultraviolet emission, particularly in the ionized helium
line at 304 A , was found over all bright
chromospheric structures seen in visible lines.
3. Except for the very highest degree
of ionization (Fe XXIV), flares appeared
the same in the ultraviolet and in He*.
4. Nobe counterpart
of "coronal
holes"
could
found in the
chromospheric
structure.
Video Photometer. Westphal and
Kristian have continued to study and
develop the SIT-Vidicon television
camera tubes for two-dimensional
image photometry. It is now clear that
such tubes are useful for a wide range of
astronomical problems. They can be
used for precise photometry of faint images at the focus of a telescope, and they
appear promising for application to the
recording of spectra, especially of faint
objects where the unwanted spectrum of
the sky must be subtracted. Linearity
and field uniformity are being carefully
investigated, and appropriate means of
data handling are being devised.
CONDITIONS
The 1.5-meter telescope was out of service for 6 weeks, beginning on October
17, 1973, for repairs. Declination trunion bearings were replaced, with a con-
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TABLE

July1973-74
August
September
October
November
December
January
February
March
May
April
June
Totals

1. 200-Inch Observations

Complete
Nights
31
30
28
28

Partial
Nights
1
2
2
2
4
5
4
9
3
2
2

23
18
24
24
25
14
27
28
300

1
5
3
8
8
2
2
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Daily observations of the sun continue at Mount Wilson under the supervision of Howard. Between June 1,
1973, and May 31, 1974, the following
observations were obtained:
323
597
586
294
229
317

Solar observations were made on 317
days.
Reduction of the digitized magnetograph data is done on the Raytheon 704
computer. The daily magnetogram
plots are published in the National
Oceanic and Atmospheric Administration Bulletin Solar Geophysical Data,
and the magnetic synoptic charts are

Number
of Hours
Observed
275.4
277.3
416.4
429.9
321.2
334.1
235.8
324.8
216.1
311.9
314.2
306.9
3764.0

29

36

sequent reduction in friction and backlash. Fifty-five nights were lost because
of weather. Total precipitation was 943
mm, with 2950 mm of snow. A heavy
storm early in January left 2260 mm of
snow, doing considerable damage to observatory structures and to the forest.
The 5-meter Hale Telescope at
Palomar Mountain was used for a total
of 3764 hours, as shown in Table 1. The

Direct photographs
Ha spectroheliograms, 30-foot focus
K2 spectroheliograms, 30-foot focus
Full-disk magnetograms
Integrated-light magneticfield measurements
Sunspot drawings

Zero
Observation
Nights

figures include many hours of twilight
time that were used for observations not
requiring a dark sky. Total precipitation at Palomar was 452 mm, with 1260
mm of snow. The maximum temperature was 36° C in July; minimum was
9° C in January.
Public visitors at the Palomar Observatory numbered 10,226 in April,
11,205 in May, and 12,189 in June 1974.
THE

SUN

published in the Quarterly Bulletin on
Solar Activity of the International Astronomical Union. The original data are
stored on magnetic tapes, and condensed data are punched on cards for
later analysis. Partial support for these
research programs comes from the National Aeronautics and Space Administration and the Office of Naval Research.
Large-Scale Solar
Magnetic Fields
Howard has continued his analysis of
the accumulated magnetograph data.
From the past seven years of magnetic
field and flux data he has studied the
large-scale distribution of magnetic
fields in various latitude zones on the
solar surface. The flux data show effects
that are not easily seen from the field-
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strength data. In the northern hemis- son. An initial change to operation by
phere within this interval there were at the new system proved unsuccessful
least two poleward migrations of posi- when
subtle hardware problems detive polarity magnetic
flux and one veloped. The old system has been reacmigration of negative flux. The two tivated, and it is anticipated that the
positive migrations were probably as- new system will finally be put into opsociated with two poleward filament eration early in the next report year.
migrations. This is the first time that
two filament migrations have been obVelocity Fields
served in one cycle m the same hemis//? ^ At
here
phere. I he second positive flux migration resulted in a more or less per maUsing the 150-foot tower telescope,
nent change in the polarity of the north Hart made measurements of vK, the rms
polar field in mid-1971. The negative amplitude of the 5-minute oscillations
poleward
flux
migration
evidently in the solar atmosphere. It was found
originated from an increase in negative that i>A is substantially smaller for the
flux in the sunspot latitudes in both Mg I lines at 5172.7 A and 5183.6 A
hemispheres around the time of solar than it is for the Na D line at 5896 A.
activity maximum.
In the southern This indicates that the commonly held
hemisphere a similar negative migra- view that uK increases steadily with the
tion about the same time resulted in a height of formation of the line (after
weak reversal of the polar fields during reaching a minimum at some low-to1969.
intermediate level in the photosphere)
The Mount Wilson magnetic observa- may be incorrect. It was noted also that
tions of the sun have demonstrated that observations of the same line made at
there are intervals when the magnetic different dates show variations in vK
fields appear strongly biased toward that are comparable to the variations in
one polarity for intervals of some vh from line to line; this may indicate
months over most or all of the solar sur- the importance of local "weather" conface. Howard has suggested two plausi- ditions on the surface of the sun.
ble explanations for this apparent and

much discussed "monopole" behavior of
Blg
Instrumentai
the solar fields. Either the nor
th-south BearProgr
am
orientation of field lines is polaritydependent on a large scale, or the A new 65-cm vacuum telescope was
-mall-scale distribution of field completed in September 1973 at the Big
strengths varies systematically be- Bear Solar Observatory. The instrutween the two polarities. A study of the ment is evacuated to reduce internal
magnetic flux data and comparison seeing problems. Mounted on the same
with observations from other obser- structure are the 22-cm full-disk vacvatories and spacecraft observations of uum telescope previously in use and a
the interplanetary field make it seem new evacuated tube for the 25-cm teleunlikely that a significant contribution scope. Mechanical tests have been sueto this effect can result from instrumen- cessful, but poor winter seeing pretal causes.
vented achievement of improved resuits. This system is scheduled for inData System for
tensive use during the summer of 1974
/ 50-Foot Tower
in conjunction with a new universal
The Raytheon 704 computer data and birefringent filter that is designed to
control system were moved to the newly produce monochromatic images in any
constructed
computer
room
at the part of the spectrum from 4000 to 7000
150-foot tower telescope at Mount Wil- A .
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The Ultraviolet Solar
Spectrum
Zirin collaborated with Dr. G.
Brueckner and Dr. R. Tousey, coworkers at the Naval Research
Laboratory, in comparing Big Bear
spectrograms with new results from
Sky Lab. Particular emphasis was
placed on understanding the distribution of emission in various extreme ultraviolet lines compared with the observed morphology in the visible
chromosphere. The following conclusions were reached:
1. Coronal line emission (in such
lines as Fe XV) was very closely
matched to the structure of the He*
plages, the coronal lines appearing only
above the most intense plages.
2. Chromospheric ultraviolet emission (particularly in the He II 304 line)
was found over all bright chromospheric structures seen in visible lines.
3. Except for the very highest degree
of ionization (Fe XXIV), flares appeared
the same in the ultraviolet and in Ho.
4. No counterpart of "coronal holes"
could be found in the chromospheric
structure.
Flare Activity

ever, such collisions at no time resulted
in major flare activity, so it appears that
they play at most only a secondary role
in Hare production. Furthermore, our
survey of magnetic data indicates that
such apparent collisions are rare.
The emission in Ha of a large tworibbon flare that occurred in a region
devoid of sun spots has been investigated in detail spectroscopically. The
onset of the flare was associated with
the disappearance of a large quiescent
filament. During the main phase of sustained chromospheric emission, only a
few localized regions were associated
with infalling material where velocities
were in excess of 50 km s_l . Since the
total area associated with infalling
material was small compared to the
total area of flare emission, it is concluded that the impact of material from
the stabilized filament upon the lower
levels of the chromosphere is not responsible for the sustained flare emission. These observations, therefore,
do not support the infall-impact
mechanism of flare production proposed
in 1968 by C. L. Hyder.
Photospheric Oscillations

Moore has interpreted the 5-minute
The onset of solar flare activity in re- solar photospheric oscillations in terms
gions ofenhanced magnetic activity has of the steady-state response of a simple
been investigated by Roy and Micha- isothermal model atmosphere to preslitsanos using video magnetograms and
sure fluctuations at its base. The refiltergrams made in the light of Ha and
sponse ofthe model can account for the
of the K line. The evolution of a moving
periods P and horizontal wavelengths
feature of positive magnetic flux was
A;, of the oscillations observed in the
followed. This feature was 50 arc sec- upper photosphere: for a;, > 6000 km,
onds in length in an area otherwise
280^ P< 300 sec, and for 3000 km <\h
dominated by negative magnetic flux. <6000 km, 250^ P <280 sec. These are
Chromospheric activity in the form of the evanescent modes along the propagation cut-off curve (in theP, \h planed
brightenings and small surges was associated with this feature; enhanced
for compression waves, as has long been
activity was observed at conjunctions of suspected. The presence of a new class of
magnetic fields of opposite sign. The small-scale evanescent buoyancy oscillations having horizontal wavelengths
correlation of flare activity with the apof
about
1000 km or less, periods in the
parent collision of antipolar magnetic
range 200 to 400 sec, and peak power
features provides some observational
support for the flare mechanism pro- around 345 sec, was indicated by the
posed originally by P. A. Sweet. How- response of the model in conjunction
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with the following observed features of
the photospheric oscillations: the increase in average horizontal scale and
decrease in average period of the oscillations with height in the photosphere;
the double-peaked power spectrum observed at high spatial resolution; and
the velocity-intensity phase spectrum
observed in the lower photosphere at
high spatial resolution.
Although the model neglects many
aspects of the real photosphere, the good
agreement between the model and the
observed periods, horizontal length
scales and velocity-intensity phase differences indicates that the model does
represent those physical properties of
the photosphere which primarily determine these basic features of the
photospheric oscillations.
Umbra! Oscillations and
Pen umbra I Waves in Sunspots
Moore and Tang have investigated
the relation between umbral oscillaSOLAR

SYSTEM

Infrared Observations of Venus
High-spatial-resolution maps of
Venus in four narrow wavelength
bands and a wide band in the 8 to 14
micron region were made by Westphal,
assisted by D. Diner and F. Schloerb,
with the f/72 wobbling Gregorian secondary ofthe 5-meter telescope on four
mornings in March 1974. Some of these
maps with about 1 arc sec resolution are
of sufficient quality to produce improved limb-darkening profiles along
arbitrary diameters of the planet.
Schloerb is now studying the data. The
detector was a doped germanium
bolometer operated at DC with no
high-speed chopping. Low-frequency
drifts are therefore superimposed on the
scans. Diner is using Fourier filter
techniques to remove this noise and
produce pictures of the 10-micron flux
distribution using the SIT vidicon
playback system. Preliminary results
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tions and running penumbral waves by
studying Big Bear time-lapse H« filtergram movies of sunspots exhibiting
these phenomena. It was found that the
oscillations near the central part of the
umbra are probably physically independent of the penumbral waves because the period of these umbral oscillations is shorter than the penumbral
wave period but not a harmonic. However, previously undetected umbral oscil ations atthe edge of the umbra were
found to have the same period as the
penumbral waves. These chromospheric observations, in conjunction
with other observations of umbral oscillations and penumbral waves in the
photosphere, suggest that the chromospheric oscillations at the edge of the
umbra and the running penumbral
waves have a common source, namely,
the photospheric oscillations just inside
the umbra. These oscillations may in
turn be excited by underlying oscillatory convection.
STUDIES
indicate a correlation with the UV cloud
structure observed by Mariner 10. A
few maps were also made at 18 microns,
and earlier at 5 microns.
Infrared Observations
of Jupiter
Westphal, K. Matthews, and R. J.
Terrile observed Jupiter with a new
InSb detector system and the f/72
wobbling secondary on several nights in
September, October, and December
1973 and May 1974. The great improvement insignal to noise due to both
the detector and the wobbling secondary allowed more than 500 pictures of
the 5-micron flux distribution from Jupiter to be collected. The data in September were obtained under superlative seeing conditions and have 1 arc sec
resolution. Pictures were obtained at
intervals of 168 seconds. A more detailed description of the instrumenta-
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tion and examples of some of the data
are shown in Westphal et al . ,Astrophys .
J. (Lett.), 188, Llll, 1974.
Of particular interest are a number of
small spots of 5-micron radiation at
high latitude. Comparison of the
5-micron pictures with color pictures
taken from the ground and by Pioneer
10 show that these high-latitude spots
correlate with peculiar small dark
"doughnuts" with white centers. The
nature of these features is unknown,
but the detailed behavior of the
5-micron flux as a function of Jovian
secant Z will be one of the most powerful ways to understand these cloud
structures. Terrile is now working on
this problem.
Jupiter
Under excellent seeing conditions, in
the period September 13-16, 1973, an
extended series of measurements of the
SO and SI quadrupole lines of the (3, 0)
band of H2 in the spectrum of Jupiter
was obtained by Munch and K. Taylor.
The Mount Wilson 2.5-meter coude inter ferometric scanner was used for this
purpose, with a spectral resolution of
0.074 A and an angular resolution of 2
arc sec. On the central meridian, the
equivalent width of the SI line is 0.058
± 0.002 A , at the south tropical zone,
with no significant variation at the
south or north equatorial belts. Systematic increases in line strength of
10% and 18%, respectively, were measured toward the south and north polar
regions. Toward the limbs of the
equatorial belts and tropical zones, increases inline strength by 10% are also
apparent. The strength of the SO line on
the central meridian of the south tropical zone is 0.044 A, with similar and
consistent variations toward the poles
or the limbs. These trends agree with
those reported by N. P. Carleton and W.
A. Traub at the International Astronomical Union 1973 Toruh Symposium, but the absolute values of the
line strengths systematically disagree

by about 12%. The origin of this discrepancy remains to be studied. Suggested
possible time variations in the structure of Jupiter's atmosphere, although
difficult to understand conceptually at
present, also will be followed with additional observations.
The results of the infrared radiometer
experiment in the Pioneer 10 spacecraft
have been studied by Munch and
Neugebauer to derive information
about the structure of the Jovian atmosphere. This experiment, with
Munch as principal investigator, returned two complete thermal maps of
nearly one hemisphere of the planet, at
wavelengths of 20 and 40 fxm, with a
resolution equivalent to 1.3 arc sec from
ground. From the measurements, the
net energy radiated by the planet has
been found to be equivalent to 1.9 times
the energy received from the sun. The
pressure-temperature profile indicated
by the measurements, however, does
not agree with model atmospheres in
radiative-convective equilibrium with
gaseous opacity only. Models with modified temperature distributions and
opacity sources due to aerosols are
being constructed in order to fit the
data.
Titan
New interferometric observations of
Titan (sixth satellite of Saturn), in the
region of the (3, 0) band of H2, have been
obtained by Munch with the 2.5-meter
coude scanner. Under a resolving
power of 55,000, counting rates of 5
counts s_1 per resolution element can
be obtained with a Ga-As photodetector .
With a total count of 4000 per resolution
element, the SI line remains undetected. However, the shape of the spectrum in the neighborhood of this line
resembles more that observed in
Uranus than in Saturn. For this reason
it is believed that absorbers other than
H2 may be present. Further work on
this problem is planned for the next observing season.
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Uranus

An attempt to identify with certainty
the quadrupole lines of the (5, 0) band of
Ho has been made by Munch. With the
90-mm image intensifier recently installed at the 3.7-meter camera of the
Palomar coude . high quality spectra at
2.26 A mm"' dispersion can be obtained
with exposures of 2 hours. The material
so far obtained provides only marginal
evidence for the presence of the lines. A
series of recent observations obtained
with the interferometric scanner of the
100-inch coude with a resolution of 0.15
A also has failed to confirm beyond any
doubt the tentative identification suggested in Year Book 72, p. 107.
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(4.81 a.u.). Perihelion passage occurred
near November 10, 1973. During the
report year, the comet did not change
greatly in apparent magnitude (m -15
at discovery) due to the slow change in
relative distance between comet, earth,
and sun.
Comet Kohoutek

This comet was observed by Greenstein with the image-tube coude spectrograph in the red and near infrared.
Because of its faintness, observations
were limited to intervals immediately
before and after perihelion. Noteworthy
were the detection of Ha emission and
confirmation of the presence of forbidden oxygen lines in the inner coma. In
Pluto
addition, multichannel spectrophotometric measures were made by
Hart suggested that Pluto, which has
Greenstein and by Oke; these should
generally been thought to have no at- result in photometric light curves for
mosphere, might have an atmosphere
individual bands. The outer coma and
consisting of almost pure neon. At the
inner tail have a bluer continuum than
temperatures prevailing on Pluto, neon
does the head.
is the only gas which would neither es- .
Extensive observations of infrared
cape nor freeze out. The surface presradiation between 1.2 /x and 12 /jl from
sure of such an atmosphere, however,
Comet Kohoutek (1973f) were carried
must be less than 3.0 atmospheres;
out with the 61-cm telescope at Mount
otherwise, Rayleigh scattering would
Wilson by Gatley, Becklin, Neugeresult in the planet having a much
bauer, and Werner. The observations
higher albedo in the ultraviolet than in
provide a record of the infrared brightthe visual, and this effect is not obness of the comet extending to cometserved.
sun distances of 1 a.u. both before and
after perihelion passage. The infrared
Comet 1973k
emission is produced by a tenuous cloud
This new comet was found on July 4, of dust particles flowing out from the
nucleus of the comet; the grains absorb
1973, by Sandage (Int. Astron. Union
Circular No. 2556) during a patrol of solar radiation and re-radiate at inquasar fields for variable objects with
frared wavelengths. The energy distribution for the comet shows an emisthe Palomar 1.2-meter Schmidt. By a
curious coincidence, the comet was
sion feature in the 10 /jl region that is
found in the same quasar search area
thought to be due to silicate particles.
Apart
from this feature, the spectrum
^Palomar Survey center 15:10, +24)
where comet 1972h had been found 13 between 3.5 and 12.5 /x resembles the
months earlier by Sandage during a expected emission from grey or black
similar patrol.
particles. The radiation at 1.6 and 2.2/x
Orbital elements were calculated by is produced by hotter particles, indicatB. G. Marsden (Int. Astron. Union Ciring that particles with a range of sizes
cular No. 2567). Like 1972h, the new
and optical properties are present in the
comet has a large perihelion distance
comet. The variation of brightness with
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comet-sun
distance
for
Comet
Kohoutek is extraordinarily similar to
that observed by Becklin and Westphal
for Comet
Ikeya-Seki
(1965D. It is

STELLAR

SPECTROSCOPY

Spectrophotometry ofB-Type Stars
Preston has nearly completed his observational program of spectrophotometry ofmain-sequence B-type stars.
Equivalent widths of HS , Si II
A4128-4130, and He I A4143 have been
obtained for 400 B stars, 70 known Si
stars, and 20 Hg-Mn stars. Rotational
velocities derived from coude spectrograms are summarized below:
% with
v sin i <
Type

Normal B
Si
Hg-Mn

Total
Number

459
52
72

5

25

50

1
0
20

8
26

22
67
88

53

100

45

100
94

From these data it is clear that slow
rotation is not a sufficient condition to
produce a silicon star, though it might
be for the mercury-manganese stars. In
addition, the spectroscopic survey has
led to the discovery of 22 new Hg-Mn
stars and 8 new double-lined spectroscopic binaries. Of particular interest is
the discovery that the primary components of the double-lined spectroscopic
binary 66 Eridani and the four-day
eclipsing binary AR Aurigae are HgMn stars. The secondaries are apparently normal, but for the latter star a
spectrogram at primary minimum will
be required for verification because of
the faint lines of the secondary outside
of eclipse. AR Aur eliminates the possibility that Hg-Mn stars are rapid
rotators seen pole-on. If the secondary is
normal, it eliminates the possibility
that the Hg-Mn phenomenon is due to
either an SN companion or interior nucleosynthesis during post-mainsequence evolution.
Interstellar Ca II K lines are present
in more than 200 of the spectra obtained
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noteworthy
that both comets
were
fainter by about a factor of 2 at a given
comet-sun distance following perihelion passage than before.
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during the rotational velocity survey.
Radial velocities and equivalent widths
of these lines are being measured by
James Weatherall under the supervision of Munch and Preston. The data
will be used to derive the solar motion
with respect to interstellar calcium and
should provide information about the
motion of interstellar gas perpendicular
to the galactic plane.
Carbon Abundances in Rapidly
Rotating B-Type Stars
Carbon is processed into nitrogen just
outside the convective cores of B-type
stars by the first part of the CNO cycle.
B. Paczynski of the Polish Academy of
Sciences, Institute of Astronomy, has
found that severe carbon depletion in
this region (factors ~ 100) occurs for
stars in the range 3-59TfI0on a time scale
that is short compared to mainsequence lifetimes and comparable to
the circulation time scale for rotational
velocities in excess of 200 km s_1 . These
circumstances should produce detectable carbon deficiencies in the atmospheres ofrapidly rotating B-type stars.
To test these ideas, Preston and
Paczynski have measured the equivalent widths of the C II doublet at \4267
in B3-B5 stars with the coude scanner
of the 2.5 meter telescope. The projected
rotational velocities of the stars ranged
from 20 to 300 km s"1 . The equivalent
widths increase with effective temperature, as expected, but no correlation
with v sin i was found. If the carbon
depletion calculations are correct, this
negative result indicates that meridional circulation does not occur in rapid
rotators, or at least that the circulated
material does not reach the stellar surface.
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White Dwarfs

Greenstein initiated an extensive
colori metric program with Oke's multichannel spectrometer to obtain statistics on the frequency of white dwarfs
among proper-motion stars of various
colors. Approximately 75 new degenerates have already been found among
stars of the Lowell color classes - 1, 0,
and - 1. All these lacked prior spectroscopic or photoelectric observations, so
the sample is an impartial one of
proper-motion stars. About 40% are
cooler than 10,000° K. One especially
rapid technique uses the multichannel
spectrophotometer at its lowest resolution. Stars to the 17th magnitude are
observed in less than 15 minutes. The
resolution, 160 A in the blue and 360 A
in the red, permits easy discovery of DA
and DB stars. The DG and DK stars and
the extremely weak-lined G and K subdwarfs are not clearly distinguished.
The program, however, should double
the number of known yellow and red
degenerate stars.
The circularly polarized white dwarfs
observed with the multichannel are extraordinarily interesting. Greenstein,
Schmidt, and Searle have discovered
extremely strong, unidentified broad
bands in GD 229; Greenstein finds that
G240-72 has a single relatively sudden
drop of approximately 0.25 mag in its
continuum below 6000 A . If interpreted
as a blackbody at 6000° K color temperature, this depression is 1400 A wide.
The spectrum of GD 356, which is not
known to be circularly polarized,
showed a dip near A 3800 which may
have changed in strength. The star
seems to be a yellow degenerate; if the
feature is real, a white dwarf may have
a variable spectrum.
Borra has made a search for continuum circular polarization in southern white dwarfs. The observations
were obtained with a Pockel's cell
polarimeter (loaned by Dr. J. D. Landstreet of the University of Western Ontario) at the Cassegrain focus of the Las
Campanas 40-inch telescope. Eight
white dwarfs (spectral types DB, DA,
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DAe, C2, DF) were observed with a
bandpass of several thousand angstroms. None showed significant circular polarization of the continuum spectrum. Standard deviations were typically less than 0.1%.
Halo Population
The study of the halo stars by Greenstein and Anneila Sargent was completed and will appear as an
Astrophysical Journal Supplement. An
interesting new conclusion since earlier
annual reports was the recognition of
the large number of apparently normal
stars of early spectral type in the halo.
About 40 of the 190 faint blue stars
studied proved to have B-star spectra
resembling those of Population I. In
particular, on moderately highdispersion spectra appreciable rotation
broadening was noted in many stars
with surface gravity and line strengths
like those in the galactic disk. The
travel times from the galactic plane are
so long that, for many, the nuclear
lifetime is insufficient to fuel them at
current luminosity long enough to
reach their height above the galactic
plane, since an origin is presumably
near the plane. This puzzle is still unresolved; several possibilities remain to
be explored. Many of the stars could be
binaries in which exchange of mass has
lengthened the lifetime. Others may
have low masses, which produces low
surface gravities at a lower luminosity
than estimated from their spectra. Several have an apparent enhancement by
a factor of up to 2 in the strength of the
neutral helium lines. Since most other
genuine halo stars are helium-poor at
the surface, the possibility exists that
the helium-rich stars are, in fact, at a
somewhat advanced short-lived evolutionary stage of abnormally high
luminosity.
Helium-Weak B Stars
The general weakness of helium in
the halo stars of Population II has been
studied further by Greenstein and Anneila Sargent. The possibility of gravitational diffusion remains an important
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explanation. In particular, the so-called hydrogen as well as of Ca II (H and K )
extended horizontal branch, which in- For this reason, surveys for bright He*
eludes stars much hotter than normally have traditionally been used as the first
found in globular-cluster horizontal step in segregating such objects. Using
branches, apparently extends through the newly installed converging-beam
many of the subdwarf O stars. The lat- grating spectrograph at the f/7.5 Caster have quite strong lines of neutral segrain focus of the Las Campanas
and ionized helium. Thus it is possible 1-meter reflector in Chile, Zappala is
that the same evolutionary phenome- extending the search for faint T Tauri
non which produces the theoretically stars and other Orion population objects
unexplained hot subdwarfs, type sdO, is to far-southern young open clusters, H
responsible for the remixing to the sur- II regions, and dark nebulae. The wideface of primeval or recently synthesized field capabilities of this system allow
helium from the stellar interiors. One of detection of Ha emission in stars
these stars, Feige 66, is being studied in fainter than 17 mag over a 1 ? 1 field on
detail by Anneila Sargent. It is unwidened one-hour exposures with
noteworthy for the outstanding 098 emulsion at 320 A mm-1 .
strength of lines of S III, although Si III
Stellar Magnetism
is absent. This star seems to be intermediate between sdB and sdO; it has He
The magnetic
variable
star HD
II lines present but much weaker than 126515 has an unusually large mean
in normal sdO stars.
surface field that varies from 10 to 17
Dworetsky has completed a survey of kG in a period of 130 days. Dozens of
spectra of B8-A0 III stars (Year Book 72 , resolved Zeeman patterns for lines of Fe
p. 110). Several new mercury stars have I, Fe II, Cr I, Cr II, and Ti II are present
been discovered; among these is the relatively bright star 28 Herculis, for
which several 2 A mm-1 plates have
been obtained with the 2.5-meter coude
spectrograph.
Early A Stars
The survey of rotational velocities of
250 main-sequence A0 stars undertaken by Dworetsky has been completed and the results analyzed. When
the observed distribution of ve sin i (for
nonbinary stars with no known spectral
anomalies) is compared with predictions based on a Maxwellian law, an
excess of slow rotators remains,
Whether or not these "excess" slow
rotators have spectral anomalies visible
at higher dispersion is now under investigation; some of them may turn out to
be further examples of "early Am"
stars

T Tauri Stars
Very young stars are frequently observed to have strong emission lines of

on two 2.2 A mm-1 spectrograms of this
star obtained at times of magnetic maximumin 1973 and 1974 by Babcockand
Preston. The widths of the cr components of normal Zeeman triplets exceed
that of the null-line Cr II a 3935.04 by
factors of 1.5 or more. This broadening
indicates a range in field strength from
12 to 22 kG. Thus it appears that a study
of cr-component profiles as a function of
Phase m the magnetic cycle will provide
direct information about the distributlon of field strength over the surface of
"lis magnetic star,
Borra has completed a search for Iongitudinal magnetic fields in bright,
rapidly rotating (v sin i > 40 km s"1 ) Ap
stars- The Mount Wilson Cassegrain
scanner, converted into a Pockel's cell
polarimeter, was used with the
1.5-meter telescope in a search for circular polarization caused by the Zeeman
effect in the wings of Ha . The bandpass
was 20 A . Eleven stars were repeatedly
observed,
with standard
deviations
ranging from 200 to 700 gauss. None
showed evidence of a magnetic field.
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The results suggest that magnetic fields
do not increase with increasing rotational velocity. Only one component
along the line of sight) was observed; it
is therefore also possible that the
geometry of the magnetic field is different for the fast rotators and does not
signify coherent longitudinal fields as
for the slow rotators.
STELLAR
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Computational studies of line profiles
for oblique rotator models have been
continued by Borra. These studies extend earlier work on the combination of
Zeeman effect and rotational Doppler
shifts; they deal with asymmetries in
the profiles, apparent variations in radial velocity, and changes in equivalent
width.

CHROMOSPHERES

Ch ro m osph eric Va ria b ility
Using the coude scanner of the
2.5-meter telescope, Wilson has continued measurements of the fluxes at
the centers of the H and K lines in a
number of main-sequence stars of types
from F5 to MO. For several of these stars
it is likely that a cycle has nearly been
completed since the beginning of the
project. Nevertheless, none has yet definitely begun to retrace the portion of
the "light curve" first observed six or seven years ago. It is hoped that one or
two more observing seasons will see several ofthe cycles definitely completed.
It is becoming increasingly clear that
chromospheric variability in mainsequence stars exhibits a wide range of
characteristics, even for stars of nearly
the same spectral types. Among those
whose light curves will probably prove
to be cyclic, the shapes of the curves
vary greatly, but as yet no correlation of
these facts with other stellar parameters is apparent.

INFRARED
Source No. 819-636—
A Planetary Nebula?
Ground-based observations have
been made by graduate student W. E.
Westbrook, Schmidt, Becklin, and
Neugebauer of a bright infrared source
found in an Air Force-Cambridge Research Laboratory rocket-borne infrared survey. Data recorded early in

Absolute Magnitudes of
Late-Type Giants
Satisfactory absolute visual magnitudes for 603 stars are now available
as determined from the widths of the
chromospheric K line. Observing for
this program will be terminated during
1974 and the results should be published in the following year.

Test of the K Line
Width-Luminosity Relationship
This work will compare the
luminosities derived from K line widths
with those given by ubvy photometry for
physical pairs whose members are of
appropriate spectral types, and should
also provide some information on any
dependence of the width-luminosity relationship upon metallic abundance.
The spectroscopic observations have
been finished but final photometric
data have not yet been received.

SOURCES
1974 at the 5-meter telescope of source
number 819-636 show the object to be
very bright and compact in the infrared,
with an angular size less than 1" at 10/x
and at 20 /x. At 10 \x the brightness
temperature was 185° K, emissivity
was 0.08, and infrared color temperature was 275° K. The object shows no
"silicate" emission or absorption fea-
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ture at 10 jjl . No radio emission has been 20,000° K is required to provide a suffidetected by C. G. Wynn- Williams of the cient
flow
of Lyman
continuum
Mullard Radio Astronomy Observatory photons.
to a level of 12 milliflux units at 6 cm. The total mass of dust needed to proOn the red Palomar Sky Survey print a vide the infrared radiation can be cornfaint object can be seen within 1" of the puted by assuming that the grain emisposition of the infrared source. Visu- sivity varies as 1/a . Calculations then
ally, with the 5-meter telescope the ob- show that about 10_1 9Tl0 of dust is
ject appears nebulous, about 2" in needed. Assuming a normal gas-to-dust
diameter, and seems to be completely ratio, the total amount of gas involved is
isolated except for a fainter, irregularly then about 10~2 3TCgshaped companion 7" to the west. In- This amount of material implies that
frared radiation has been detected only the object may be a star in the process of
from the eastern object. Schmidt has ob- losing mass. The high density of matertained optical spectra of both of the ial and compact nature of the source
sources. The spectra are similar, and suggest that this object may be a star in
are indicative of highly ionized H II re- the process of blowing off its outer engions with unusually bright lines of velope and forming a planetary nebula.
magnesium, nitrogen, and oxygen. This hypothesis is strengthened by the
Analysis of the spectra gives an electron fact that the central star must have a
temperature of 15,000° K, an electron temperature in excess of 20,000° K and
density of 105 cm-3 with evidence of re- a luminosity of about 103Lo. If this ingions of lower (Ne < 103) density, and terpretation is correct, the object could
a visual extinction of A^ = 2.5 mag. be the first planetary nebula to be obThe model proposed for this source is served in the early stages of formation.
a central ionizing star surrounded by a
compact cloud of dust with diameter <
Protostellar Objects
1" and a larger region of ionized gas
about 2" in diameter. In this model the A region where stars may be forming
dust cloud absorbs a major fraction of in the vicinity of the Orion Nebula was
the radiation from the central star and discovered by I. Gatley, a graduate sture-emits it in the infrared.
dent, Becklin, Matthews, Neugebauer,
The distance to the object can be es- and M. V. Penston of the Royal Greentimated in two ways. First, knowing the wich Observatory. This area, about 12'
electron temperature and density of the north of the Trapezium, contains a clusionized region, the expected H/3 flux ter of at least five infrared sources. It is
can be compared with the measured also a source of carbon-oxide line emisvalue. Second, the upper limit on radio sion, for which reason it has been desigemission gives an upper limit on dis- nated Orion Molecular Cloud 2 (OMCtance, assuming the region is optically 2) (Gatley et al., Astrophys. J. [Lett.] ,
thin at 6 cm. Both methods indicate that 191 , L121-L125, 1974). A 2.2^ infrared
the object is probably in the range 100 map of OMC-2 is shown in Fig. 1. The
pc to 1000 pc; a distance of 500 pc has cluster is in many ways similar to the
been adopted.
Becklin- Neugebauer /Kleinmann- Low
Integration of the distributed energy complex in that the sizes are similar
shortward of 20 /u, gives a total luminos- and each contains both resolved and unity of about 103 LQ. In addition, using resolved sources which are not as(Ne) = 104 over the 2" region, it is found sociated with visible or radiothat about 1044 ionizing photons per continuum features. The most striking
second are needed to maintain ioniza- difference is that the luminosity of
tion. Stellar model calculations then OMC-2 is less than that of the BN/KL
show that a star hotter than about complex by a factor of 10 to 100. This

-
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Fig. 1. A 2.2-micron map of the central 1° of the galactic center obtained by scanning. The peak
flux from the center of the galaxy has been truncated at 1/5 the observed level. The angular resolution is 1 .'5.
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makes it likely that the stars being
formed are of later type than those
being formed in BN/KL. The new cluster was found accidentally while making measurements of infrared stars in
Orion, but subsequently an area of— 1°
x 1° was scanned at 2. 2fx to see if other
infrared complexes were present. The
results of these scans were negative,
thus emphasizing the unusual nature of
the BN/KL cluster and OMC-2.
In addition to the 1-2 [x measurements, the study of OMC-2 included

observations at 1 mm by J. H. Elias, a
graduate student, D. Y. Gezari, M. W.
Werner, and W. E. Westbrook and in
the CO and CS radio lines by N. Scoville
of the California Institute of Technology. The 1-mm measurements were
made as part of the millimeter program
which utilizes the 5-meter prime focus
during twilight times; they show that
the flux at 1 mm into a 60" beam appears to be no greater than 5% of the
flux from the Kleinmann-Low region.
This is interpreted as indicating that
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Fig. 2. Map of Orion Molecular Cloud 2 as observed in 2.2-micron radiation.
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the average density of dust and gas in
OMC-2 is about an order of magnitude
less than in BN KL. This result is significant in view of the fact that the two
regions show molecular emission lines
of comparable intensity.

around Sagittarius BL>, which is northeast of the galactic center. There appears to be no evidence of a dark cloud
near the brightest portion of the map.

2.2 u Map of the Galactic CenterA new 2.2 yt map (Fig. 2^ of the galactic center region has been made by
Becklin and Neugebauer over a 1° x 1°
area with an angular resolution of 1.' 5.
The map was constructed from rightascension drift scans on the 1-meter
telescope at Las Campanas, Chile,
using a conventional photometer. Unlike previous maps, the present data
were obtained with only a single
measuring beam; the zero level of the
map was taken as the average flux 1°
east and west of the galactic center. The
brightest portion of the galactic center
area is located near the radio source
Sagittarius A and is clearly elongated
along the galactic plane. Evidence for
dark dust clouds, probably between the
sun and the center, can be seen throughout the area, including
the region

In September of 1973 Neugebauer
and Becklin used the 1-meter telescope
at Las Campanas Observatory to make
photometric observations at 34 jjl of several southern galactic sources, including the galactic center,^ Carinae, and
the H II region G333.6-0.2. Measurements in this important photometric
band can be made only from very dry
sites; present indications are that Las
Campanas Observatory is such an observing site. The observations of r) Car
indicate that all of the infrared radia-

MILLIMETER-WAVE
Photometry

Southern Sources

tion out to 34 fx is coming from a 250° K
dust shell 6" in diameter. The galactic
center and the H II region G333.6-0.2.
show a similar energy distribution out
to 34 /it , supporting the hypothesis that
the infrared radiation from the galactic
center beyond 5 /jl is thermal reradiation from dust.
OBSERVATIONS

Photometry at 1 mm of galactic and
extragalactic objects has been continued by Werner, D. Y. Gezari, J. H.
Elias, and W. E. Westbrook at the prime
focus of the 5-meter telescope during
twilight hours. New bolometers for
millimeter-wave observations, which
have been developed in the past year,
have greatly increased the sensitivity of
the system, and improvements in the
associated optics have decreased the
field of view to V — close to the diffraction limit of the telescope at 1 mm. The
intense 1-mm continuum emission
source associated with the
Kleinmann-Low nebula in Orion has
been resolved with this small beam. It

The observing program has centered
on the study of 1-mm continuum emission from hot, dense interstellar clouds
that exhibit rich molecular emission
spectra at radio wavelengths and that
are likely sites of star formation. The
1-mm continuum emission from such a
cloud is due to thermal radiation from
dust associated with the molecular gas,
so the intensity at 1 mm is proportional
to the product of column density of
grains and the grain temperature. It is
likely that the grains are heated by the
near infrared sources that are frequently observed in these regions.
Continuum 1-mm radiation has been
detected from more than a dozen
molecular clouds, and one particularly
interesting region, DR 21, has been

shows an angular diameter of 40".

mapped over a 4' by 6' area with V
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resolution. The 1-mm emission is extended and shows two peaks, one coinciding with a compact H II region, the
other with an OH maser source. The
distribution of 1-mm emission from this
region is strikingly similar to that of
emission
from the molecule
HCN,
which has been studied with comparable angular resolution. By contrast, the
distribution of 12CO emission over this
region shows less structure than is seen

in the 1-mm and HCN emission. Since
the molecular line strengths depend on
the physical properties of the cloud in a
much more complicated way than does
the 1-mm continuum emission, it is
hoped that such comparisons of 1-mm
continuum maps with those made in
various molecular emission lines will
help lead to an understanding of the
processes
occurring
in
molecular
clouds.

INTERSTELLAR MATTER
GASEOUS NEBULAE

Neutral Oxygen in the Orion Nebula

HI

AND

. . .
and the dust content are higher than in
their surroundings. All this work is
being done with the Palomar 1.5-meter
Ritchey-Chretien reflector. Additional
work on the problems offered by the
spectrum of neutral atoms in emission
in planetary nebulae is being continued
with the same equipment.

The presence of neutral oxygen in the
spectrum of gaseous nebulae is a longstanding
problem.
By " means
of interference- filter photography
through image intensiflers, Munch and
Taylor have discovered that images of
the Orion Nebula in radiation of the
permitted O I multiplet A A 8446-8447
The Cmb Ngbula
snow a unique filamentary structure
not present either in [ O I] a 6300 or in With a 10-centimeter telescope at
any other recombination or ionic radia- Palomar, Kirshner obtained spection. On the further basis of high- trophotometric measures of the conresolution line profiles obtained with a tinuum and line strengths of the entire
2-etalon interferometric scanning pho- Crab Nebula. The continuum is consistometer, a tentative explanation of the tent with a power law: if A, = 1.6, then
observed characteristics has been pro- fv °c v~0-41. The H/3 strength corresposed. It involves the excitation of O I ponds to the recombination of 0.43Hoof
a a 8466-47 by resonance with hydro- hydrogen. The mass of the filaments
gen Lyman-/3, in density fluctuations must be at least this large, but may be
present in the transition zone between much larger if the helium abundance is
H II and H I conditions. The absence of a abnormally high. The observed line flux
similar filamentary structure in Ha , a ratios are [O II] (3727VH/3 = 8 ± 2,
line also produced in Lyman-/3 decay, [O III] 4959/H/3 = 4 ± 1, [0 III] 5007/
can be explained by assuming that in H/3 = 11 ± 3, Ha + [NIIl/H/3 = 18 ± 4,
such density fluctuations both the gas and [S II] 6717 + 6731/H/3 = 10 ± 3.
X-RAY

SOURCES

Cygnus X-l:
Spectroscopic Observations
Brucato and Zappala have obtained
high-dispersion spectrograms in the red
for HDE 226868, the optical candidate
for Cyg X-l, with the coude image tube
of the Mount Wilson 2.5-meter reflec-

tor. Coverage is now available for 17
nights, including a single run of 8 consecutive nights well spaced in phase
throughout the 5.6-day period of the binary. As is characteristic of early-type
supergiants, variable weak emission is
present at Ha. This line typically appears in HDE 226868 as a weak absorp-
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tion flanked by broad diffuse emission the infrared source and hence, through
to the red, sometimes accompanied by positional coincidence, with the radio
similar emission to the blue. The widths object: In addition, short-term variabilof these emissions vary from —150 km ity in the infrared flux of Cyg X-3 was
s_1 to more than 300 km s_1 , both com- observed on a 1-minute time scale; this
ponents having approximately constant may be related to the flares seen at
velocities in the rest- frame of the BO lb radio wavelengths,
primary corresponding to ±200 km s-1 .
The similar 4.8-hour periodicity at
Over a period of nearly three months, x-ray and infrared wavelengths
the shortward emission component was strongly suggests that Cyg X-3 is an
present only between photometric eclipsing binary system. For any
phases 0.2 and 0.6. Thus, while the reasonable mass of the system, the size
changes in the character of Ha are con- of the components cannot be greater
nected with the binary nature of the than the sun. Using the measured 2.2 /x
system, the emission probably origi- flux and the distance of lOkpc deternates near the B star, as opposed to the mined from radio observations, one
He II a 4686 emission whose velocity finds that the surface brightness ternvaries nearly in antiphase with the perature at 2.2/u is at least 106 CK. This
supergiant and presumably originates high temperature implies that the inin a gas stream near the secondary. The frared emission does not originate from
origin of the emission in this system is the photosphere of any ordinary star.
uncertain, but it may be due to the same
atmospheric processes responsible for
Cygnus Loop
the appearance of Ha emission in other
hot luminous stars. Further observaWnlth B- E- Woodgate of Columbia Astions are required to determine the na- trophysic
Kirshner
Laboratory,
s
tureoftheHa variations.
searched the Cygnus Loop for evidence

Cygnus X-3: Infrared Observations
In July 1973, simultaneous observations of Cygnus X-3, the x-ray source
that displayed the large radio outbursts
in September 1972, were made by Becklin, Neugebauer, Matthews, and
Wynn-Williams at 2.2 \x with the
5-meter telescope, and at x-ray
wavelengths with the Copernicus Satellite by a group at the Mullard Space
Science Laboratory, England. Synchronous 4.8-hour variations were
found in the two wavebands; the data
are shown in Fig. 3. These data uniquely associate the x-ray source with

°f [Fe XIVJ emission (Astrophys. J.
[Lett] , 188, L79, 1974. This was discovered, indicating the presence of very
hot gas in the regions which also emit
soft x-rays. The natural conclusion is
that the x-ray emission is thermal: the
x-ray and![Fe XIV] fluxes are consistent
with a temperature of 2.8 x 106 °K and
normal iron abundance. If this gas is
heated by the propagation of the supernova blastwave through the interstellar medium, a velocity of 400 km s_1 is
required. The observed velocities in
dense filaments are only about 100 km
s-1 , presenting a paradox that needs resolution.

SUPERNOVAE
Supernova Search

by Kowal during the regular survey on
the 1.2-meter Schmidt telescope and
Sixteen supernovae were discovered four were found by Zwicky on plates
by the Palomar supernova search ob- taken for other purposes. In addition, 22
servers during 1973. Twelve were found supernovae were found by Zwicky on
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old plates of the Palomar Sky Survey.
The survey of nearby So I galaxies
was continued for a third year on the
25-cm Schmidt telescope with J.
Huchra as the principal observer. No
supernovae were found in this search.
Sargent prepared for publication a
list oftheredshiftsof31 parent galaxies
in which supernovae have been observed. Kowal continued the work of
setting up photoelectric sequences in
the supernova search fields.
This was the last year in which
Zwicky participated in the Palomar
supernova search, which he initiated in
1936. Zwicky personally discovered 122
supernovae, the first in February 1937
and the last in January 1974, shortly
before he died.
The Supernova 1972e
This supernova in NGC 5253 was the
brightest to appear since 1938. Efforts
were therefore made by Greenstein,
Gunn. and Oke to measure its spectral
energy distribution during the spring of
1974. two years after maximum. Despite its extreme faintness (V ~ 20) and
its southerly location at 6 = -31°, observations were obtained. The spectrum
looks rather similar to that recorded a
year earlier.

INSTITUTION

Classification of Supernova Specti'a
The controversial problem of the classification ofthe spectra of supernovae
has been reconsidered by Searle and
Oke. The very considerable increase in
first-rate data concerning spectral
changes in supernovae, which was reported in Year Books 71 and 72 (pp.
675-678 and 118-119, respectively)
has made this reconsideration worthwhile. In the course of preparing a review article on the subject, Searle and
Oke reclassified all the spectra of
supernovae for which the requisite information has been published (whether
in the form of reproductions of photographic spectra or densitometer tracings). This information is available for
about 109^ of the supernovae that have
been recorded in the past 75 years. In
all, 42 supernovae could be classified
from published primary material. All of
these fall into one or the other of two
basic types that were first identified by
Minkowski 25 years ago. Some minor
differences occur in the spectral evolution of different supernovae of each of
these types, but the basic distinction between them is clear and no evidence was
found to justify the introduction of new
types, as has sometimes been proposed.

GALAXIES
The Color-Magnitude Diagram for
Elliptical Galaxies Leading to Distances
on the Relative Scale of the
Virgo Cluster
Sandage and Visvanathan nearly
completed the photoelectric observations of colors and magnitudes for all
the E and SO galaxies in the
Shapley-Ames Catalogue of bright
galaxies in both the northern and
southern hemispheres. As reported in
Year Book 72 (p. 119), the data were
obtained using the Visvanathan automatic scanner (Year Book 71 , p. 691),
in which the wedged interference-wheel

is advanced by pulses of a stepping
motor that also synchronize the gating
of a channel analyzer. Hence, each position of the filter wheel corresponds to a
particular channel in the memory of the
storage buffer. The system proved to
be a very efficient method of bookkeeping for the enormous amount of data
involved.
The color system is defined by 8 filters
ranging from A. A 3460 to 7000. Observations of E and SO galaxies in the Virgo
Cluster (Fig. 4) show that a very well
defined color-magnitude relation exists
in which the scatter is no larger than
the errors of the colors or the mag-
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Fig. 4. Correlation of the color (ordinate) with apparent magnitude (abscissa) for E and SO galaxies in the Virgo cluster. Because these galaxies are at the same distance from us, the correlation is
between color and intrinsic luminosity of the galaxies, and hence can be used to find the absolute
magnitudes of field galaxies once their colors are measured.

nitudes,
put has
at cr(U'
~ ± 0.02
mag.
The
effect
been- V)
known
for some
time, having originally been discovered
by W. A. Baum, but the physics of the
correlation is not yet understood. However, it is known (Sandage, Astrophys.
J., 176, 21-30, 1972) that it also exists
for Coma Cluster galaxies and has the
same form. The slope of the relation is
(IT - V)/mpg = 0.11, where U' is an
intermediate-band ultraviolet point at
(X) ~ 3600A.
Clearly, the distance of any field E
and SO galaxy, on the scale of the Virgo
Cluster, can be obtained via this relation once colors and magnitudes of the
field galaxies are known, provided that
the relation in the figure is universal.
To test this, new observations of the
Coma Cluster galaxies and of galaxies
in many small groups were obtained by
Sandage and Visvanathan. The effect
appears to be the same, at least between
the Coma and Virgo Clusters, but the

analysis of the small groups is not yet
complete.
Redshifts are available for all the
program galaxies that have been observed for color, either from the literature or from the redshift program for
field Shapley-Ames galaxies completed
during the report year by Sandage.
Analysis of the redshift and distance
data has just begun. It is expected to
yield a better mapping of the local velocity field of the expansion than has
heretofore been possible using spiral
galaxies. The principal problems to be
solved are the solar motion relative to
the galaxies and the presence or absence of systematic velocity perturbations due to the lumpy distribution of
galaxies on a scale of —10 Mpc. This
latter problem is related to the ratio of
the gravitational potential energy to
the kinetic energy of the expansion, and
hence to the value of the deceleration
parameter. As described in the section
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on Observational Cosmology, the fail- main bodies of the two Clouds. The star
ure ot Sandage and Tammann to find formation histories appear to be quite
such perturbations in their study of the different in the two Clouds. In the Large
velocity field for spirals suggested to Cloud, the present rate of star formathemthatqr, is smaller than the critical tion in the Bar, taken as a whole, is
value of q0 = 12. This new method found to be an order of magnitude smallusing the color-magnitude relation for er than the average rate in the past,
E and SO galaxies is expected to provide although there are large variations
a more powerful attack on the problem, from region to region. The color disTT.
.0
^
.
^ 1
tribution in the main body of the Small
History of otar b ormation in Lralaxics ^
, .
,
it
j
'
Cloud is much more nearly unitorm and
Judging by their colors and spectra, leads to the surprising result that in it
different galaxies land different parts of the present rate of star formation
an individual galaxy) are composed of exceeds the average rate in the past,
different populations of stars. Accord- Inferences such as these regarding
ing to the interpretation proposed by the history of star formation involve
Searle. Sargent, and W. G. Bagnuolo, a some assumptions about the mass disgraduate student [Astrophys. J., 179, tribution of newly formed stars. In an
427. 1973'. the basic reason for these attempt to put these on a firmer footing,
population differences is that different Searle has measured the radial disregions have experienced different his- tribution of light in two colors for 40
tories of star formation. This interpre- open clusters in the Magellanic Clouds,
tation raises two important problems: These observations of cluster structure
one concerns the possible existence of yield estimates of the cluster masses
young galaxies and the other concerns and binding energies. The derived clusthe physical cause for some galaxies ter masses are consistent with the asforming nearly all their stars in one sumption that the distribution of massshort burst while others have experi- es in the young clusters is the Salpeter
enced a nearly uniform rate of star for- function (which describes the distribumation for many billions of years. tion of masses of newly formed stars in
In an attempt to develop a method of the solar neighborhood). Another indetermining the age distribution of teresting result is that the clusters bestars in a stellar population, Searle come less concentrated as they age. This
completed at Las Campanas a program appears to be a result of mass loss from
of five-color photometry of open clus- evolving stars,
ters in the Magellanic Clouds. This pho. _0 70
0rVn °f SPiral Structure
tometry yields, for each cluster, three
photometric parameters which are in- Tidal interactions and nuclear explodependent of interstellar reddening, sions are emerging as important
Only two of these proved to be indepen- mechanisms capable of exciting spiral
dent and, taken together, these structure. As both are thought to be reuniquely determine the age of the clus- current, it is less clear now than a few
ter. Searle and Bagnuolo have obtained years ago whether the spiral pattern is
an age calibration of the cluster colors stationary or not, especially since spiral
from computations of the colors of density waves have a limited lifetime of
synthetic stellar populations, which, the order of 10!) years. It seems more
in turn, are based on theoretical evolu- and more likely that the spiral structionary tracks of individual stars. ture is in fact changing on a shorter
Searle has applied the age-color time scale.
calibration to the interpretation of the Schweizer started a program aimed
color distribution
in the Magellanic at studying tidally interacting galaxies
Clouds. This distribution
has been and their relation to "normal" spirals,
measured in several swaths across the Spectra of NGC 7753/2, 2623, and 3921
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were obtained with the 5-meter tele- observations that he made of a few
scope to find whether the velocity dif- spiral galaxies in the spring of 1973.
ferences indicate bound or nearly bound The objective was to map in detail the
orbits. Such orbits were predicted by A. velocity fields; therefore, using the Casand J. Toomre for NGC 4676 and Arp segrain spectrographs on the Palomar
295 and were observationally
con- 5- and 1.5-meter telescopes, he had
firmed by A. N. Stockton. Spectra of taken spectra in as many position anM100 and NGC 5364 and of their com- gles as possible. The galaxies were chopanions were also obtained with the sen as the most likely candidates to
same aim. If most interacting spirals have experienced an active phase in the
are found to form bound systems, their nucleus not too long ago, so that the
exponential disks are likely to be trun- effects of gas expulsion from nuclei on
cated. Schweizer used the 1.2-meter the disks could be studied. The criterion
Schmidt to study perturbations of the was mainly a peculiar radio structure or
exponential disks and their dependence a relatively bright radio source in the
on the separation and kinematics of the center.
galaxies. It is hoped that such criteria Twenty-two spectra for a total expowill eventually help solve the question sure time of 19.7 hours were analyzed
whether "normal" galaxies like M81,
Ml 00, and NGC 5364 have experienced
recent tidal interactions.
Along the same line, Schweizer is
conducting an Ha -survey of interacting
galaxies with the 1.2-meter Schmidt
and the Palomar 1.5-meter telescopes,
He found faint H II regions at large
radii in M81, NGC 5364, and M101, and
possibly in the tails of NGC 4038/9 and
4676. H II regions exist in M81 out to at
least 15 kpc, which places them beyond
what is believed to be the corotation
radius. In M101 several small H II regions were found in the southeastern
neutral hydrogen arms discovered at
Westerbork. However, they are much
smaller than the giant H II regions of
the eastern arm. It is hard to understand in the spiral-density wave picture
of a stationary spiral pattern why at a
given radius in M101 certain hydrogen
arms undergo intense star formation
and others do not. Irregular shocks due
to a tidal origin of arms seem a plausible
explanation, especially since Sandage
and Tammann have shown that the
M101 group is dynamically stable and
contains two rather massive companions besides M101 itself.
T. . . _. . _ . _, . . _, . .
Velocity Fields in Spiral Galaxies
Van der Kruit continued the reduction and analysis of the spectroscopic

for the spiral galaxy NGC 4736. This
spiral system has two peculiarities:
(1) Although the galaxy has a tightly
wound spiral structure which is best
seen in the distribution of the dust, apparently independent of this there is a
very well defined ring of bright H II
regions (the only bright H II regions in
the system) at a distance of about 50"
from the nucleus. (2) There is a triple
radio source in the central part with the
central component in the nucleus and
the two outer components coinciding
more or less with the ring of H II regions. These three components all have
nonthermal spectra.
An analysis of the observational material indicated (1) that the motions in
the ring are inconsistent with a
Lindblad resonance ring, (2) that the
most likely interpretation is that the
ring is expanding away from the center
at about 30 km s_1, and (3) that there
was an indication for deviating motions
at the positions of the outer components
of the radio complex. It was proposed
that the nucleus had expelled gas
clouds, probably in a rotating expulsion
core, giving rise to the expanding ring
in a way rather similar to that proposed
for the 3 kpc in our Galaxy. The direction of the triple radio SQUrce then is the
most recent expulsion direction. The
radio emission can be a result either of
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compression in the disk or of simultaneous expulsion of relativistic plasma.
New spectra at higher dispersion (40
A mm ' ) and at a larger number of position angles were taken in 1974 to study
this phenomenon in more detail.
A second galaxy studied was NGC
4258. This system has an anomalous set
o( arms seen only in Ha that radiate
from the center and gently curve in the
direction opposite to rotation at larger
distances. At radio continuum
wavelengths there are strong ridges of
emission at the same position accompanied by "plateaus" of radio emission
behind them. These correspond to that
part of the disk where the galaxy seems
severely disturbed. This was earlier interpreted byvan der Kruit, Oort, and
Mathewson as the result of violent expulsion ofgas clouds from the nucleus.
They assumed that these clouds were
expelled in a small cone with a range of
initial conditions (physically this might
also be described as a stream of gas).
The interaction with the gas in the disk
then draws this out in a ridge, giving
rise through shock waves to ionization
• and therefore Ha structures) and
magnetic-field and relativistic particle
compression (and therefore enhanced
radio emission). The plateaus are supposed to be due to earlier phases in the
nuclear activity, when the expulsion
due to rotation of the center was in a
different position angle.
This model has three predictions for
the velocity field. Due to the low angular momentum of the nuclear gas, the
Ha arms are supposed to rotate slower
than the disk: in the plateaus the radial
motion has been braked (at least in the
optically observable part), and because
of too low angular momentum, the gas
is falling back toward the nucleus and
the undistrubed parts ("normal spiral arms") should have no noncircular
motions.
A velocity field was constructed from
27 spectrograms, which represent a
total exposure time of 29.3 hours. This
field is illustrated in Fig. 5, which gives
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lines of constant line-of-sight velocity
with respect to the sun superposed on an
Ho: picture. The normal arms were
shown to be in pure rotation. In the H«
arms (which are close to the line of
nodes of the plane of the galaxy and that
of the sky), the line-of-sight velocities
are small with respect to the systemic
velocity and therefore indicate slow rotation. Near the minor axis (where the
plateaus are), the contours show a smaller position angle than the direction
perpendicular to the line of nodes and
indicate contraction since the western
(right hand) side is the nearer. Also,
these deviations are in good agreement
with the magnitude expected from orbit
calculations. Finally, in the Ha arms
the forbidden lines ([ N III , [ S III ) are
strong compared to Ha , confirming the
supposition of ionization in shocks.
A few spectra were taken of NGC
3675. The nucleus of this galaxy
radiates relatively strongly in the radio
and infrared domains. No noncircular
motions were found, but the rotation
curve could be interpreted (although
not uniquely) as indicative of a massive
nuclear bulge. The sharp rise in the rotation velocity when going out from the
nucleus is, in any case, an indication
that there is a strong concentration of
mass toward the center. Probably NGC
3675 has a massive nucleus, which may
be rather active.
An observational program was carried out to measure the 40 A mm-1
velocity field of NGC 4736 and the central parts of NGC 4258, NGC 3310,
and NGC 2715; reductions are now in
progress.

Rotation Curves

T. Williams, a graduate student, has
derived a rotation curve of NGC 3115
from 5-meter Cassegrain image-tube
spectra taken by Schmidt. The rotation
curve could be determined to a distance
of 100 arc sec from the center. The approaching and receding halves of the
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Fig. 5. Contours of line-of-sight velocity with respect to the sun in km s_1 superposed on an Ha picture of NGC 4258. North is at the top, east to the left. The Ha arms are seen in position angle about
148°. Radio plateaus are present behind these arms in the regions around the minor axis and they
extend
to position angle about 30°. The line of nodes is in position angle 145° and the western side
is nearer.

galaxy show essentially the same rotational behavior: a steep increase out to
about 20" and then a leveling off at a
rotational velocity of about 240 km s_1 .
These observations do not confirm an
earlier result by Minkowski that
showed a secondary minimum in the
rotation curve at about 40".

Infrared Photometry

Frogel, Persson, and M. Aaronson of
the Harvard College Observatory, in collaboration with Becklin, K. Matthews,
30"
and Neugebauer of the Hale Observatories, have continued a program
of investigating the stellar content
of galaxies, using the luminositysensitive CO absorption band at 2.3 /jl.
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The combination of a specially prepared
filter and an indium antimonide detecting system (developed by Matthews) allows measurements of the relative
strength of this band to the 1% level.
Fourteen galaxies, mostly ellipticals,
were observed with the 5-meter Hale
Telescope, using a 17" aperture in the
focal plane. Six of these were observed
on the Mount Wilson 1.5-meter tele57" observed
aperture, on
and the
one,Mount
NGC
4486. scope
waswith aalso
Wilson 61 -cm telescope with a 140"
aperture. Although the data have been
analyzed only in a preliminary fashion,
two results are: (1) nearly all of the
galaxies have the same absorption
strength for the CO band, independent
of aperture size, and (2) this absorption
strength is similar to that observed in
K5 giant stars. These results imply that
an evolutionary correction has to be
made to the observed luminosity of
giant ellipticals used in the redshiftmagnitude diagram, but the size of the
correction will be model-dependent.
Further observations are planned to
complete this program during the
1974-1975 observing season.
Outlying Satellites of Large Galaxies
Arp has been concerned with cataloging outlying objects associated with typical large, relatively close galaxies.
This project has a number of optical,
spectroscopic, and radio astronomical
facets. Optically, with the 1.2-meter
Schmidt, he has obtained multiple
photographs of galaxies and surrounding regions. Superposition prints show
very faint companion galaxies and
surface-brightness features much
fainter than those normally recorded.
For example, faint luminous material
has been detected extending eastward
from NGC 2403. A filamentary connection between the Seyfert galaxy NGC
4151 and the nearby companion NGC
4156 has been recorded.
These deep Schmidt photographs are
also intended to be used for the optical
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identification of radio sources. There is
some evidence that a number of spiral
galaxies, as well as the prototype ellipticals, may have radio sources physically associated with them. Such evidence has most recently come through
the collaborative work of R. L. Carpenter, S.Gulkis, and M. J. Klein at the
Jet Propulsion Laboratory and Arp at
the Hale Observatories. They have used
the 64-meter Goldstone antenna to obtain accurate background source counts
at 2295 Mhz around certain galaxies
and to make confirming observations on
15 radio sources claimed to be satellites
of spiral galaxies by G. M. Tovmasyan
of the Byurakan Observatory in Armenia. Preliminary assessments of
these new data suggest that some spiral
galaxies indeed possess satellite radio
sources.
For the study of companions, Arp has
obtained deep direct photographs of
NGC 4151 and NGC 4156 with the
5-meter telescope. Available photographs of NGC 5682 show a peculiar
spiral galaxy with a disturbance of its
luminous material on the northwest, in
the direction of a blue object (V=19.5)
about 1.7 arc min away. E. J. Wampler,
at the Lick Observatory, has reported
that the blue object is a quasar withz =
1.9.
Structure and Dynamics of Elliptical
Galaxies
C. P. Wilson began a study of several
nearby elliptical galaxies in order to obtain basic data that can be compared
with theoretical models of the dynamical structure of these objects. Rotation
curves and velocity dispersions are obtained from image-tube spectra taken
with the Palomar 1.5- and 5-meter telescopes. Also, the SIT-vidicon system is
being used in collaboration with
Westphal and Kristian to measure the
distribution of surface brightness ini?,
V, and R of the same galaxies that are
observed spectroscopically. These
photometric observations provide also a
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calibration of the isophotal diameters of
giant ellipticals that is needed for the
study of the diameter-redshift relation,
a*
mi. Mass
The
ofmsm
M31
In the past few years A. J. Kalnajs of
the Royal Greenwich Observatory, J. P.
Ostriker of Princeton University Observatory, and P. J. E. Peebles of the
Joseph Henry Laboratories of Princeton
University have presented theoretical
arguments to show that the disks of
flattened galaxies are unstable to barlike configurations unless the stars
have much higher space motions than
are observed. Accordingly, they have
proposed that spiral galaxies have massive halos with a much higher mass-tolight ratio than the disks. Sargent is
collaborating with F. D. A. Hartwick of
the University of Victoria, Canada, in
an attempt to test this idea through a
study of the virial motions of the globular clusters in M31. They showed that
CLUSTERS

OF

The de Vaucouleurs Groups
In an important paper that has been
circulated in preprint form for several
years, de Vaucouleurs
identified 54
groups of galaxies within a distance of
about 20 Mpc. Rood, Rothman, and
Turnrose (Astrophys. J., 1 62, 411, 1970)
later calculated virial theorem masses
MVT for 50 of the 54 groups. These were
compared with the masses ML estimated from an assumed mass-to-light
ratio of MIL = 7 for spiral galaxies and
50 for ellipticals. According to the calculationsofRoode£a/v nearly all of the 50
groups have log (MVT /ML) > 0. The median value is (log (Mrr/M7)~ 1.6. Of the
44 groups with more than two measured
redshifts, 18 have log (MVT/ML) ^ 2.
Moreover, Rood et al. found two surprising relations, MVTIML
~ R1-1
and
MVTIML
~ V1-5, where R is the harmonic mean radius of a group and V is
its velocity dispersion.
The conclusions of Rood et al. have
been widely quoted
in the recent

an application of the virial theorem to
data on the velocities of 39 globular clusters in M31 obtained some years ago
by van den Bergh leads to a mass m
= 3 4 ± 1A x w>:Mr for M31. This is
consistent with the value M = 1.83 X
101 ' 9TfI0 obtained by Rubin and Ford
from a study of the rotation curve of
M31 on the assumption that the matter
in M3 1 is distributed in a flat disk. Thus
the motions of the globular clusters give
no clear indication that M31 has a massive halo, as envisaged by the theorists.
However, practically all the known
globular clusters in M31 are confined to
the elliptical projected disk of the
galaxy. This is possibly a consequence
of observational selection, since in our
Galaxy the clusters have a much more
spherical distribution. Accordingly,
Hartwick, Sargent, and van den Bergh
are planning a renewed search for
globular clusters in the outer parts of
M31.
GALAXIES

theoretical literature on such questions
as the missing mass problem in clusters
of galaxies. Sargent and graduate student Edwin Turner have looked into the
nature of the de Vaucouleurs groups.
They have shown by three independent
tests that only 13 of the 44 groups for
which good data exist are likely to be
bound systems. The rest are probably
loose aggregates of galaxies that are not
gravitationally bound; it is incorrect to
apply the virial theorem to such systerns. Sargent and Turner showed also
that the 13 groups that pass all three
tests contain a significantly higher
proportion of early-type galaxies and
have a significantly lower median virial
discrepancy, log {MVT/ML) ~ 1.0, than
those groups which fail one or more
tests. Sargent and Turner showed also
that the correlations MVTIMl ~~ R1-1 and
MVTIML ~ V1 • 5 are probably artifacts of
the method of analysis; similar correlations, MVT/ML ~ R1 ° and MVTIML ~~ V- ,
are expected if the observable quan-
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tities R. V. and M are uncorrelated.
They also criticized a statistical application of the virial theorem
to the
nearby galaxies ^Geller and Peebles,
Astrophys. J., 184, 329, 1973^ because
this analysis assumes implicitly that

mendy have been able to measure its
brightness profile in one direction. They
find that the profile can be accurately
fitted to the standard de Vaucouleurs
relation appropriate to an isolated elliptical out to a radius of at least 70 arc sec

density enhancements are gravitationally boimd.
In general, Sargent and Turner conclude that a virial discrepancy of the
order \ A/i 7 M7 ) - 10 still exists for the
nearby bound groups of galaxies. This is
much smaller than the estimates of

or 30 kpc, which equals the galaxy's
separation from its neighbors. The absence of tidal distortion and the dynamical implausibility of a group whose
most massive member has the most
loosely bound orbit make it unlikely
that NCG 68 is a member of VV 166.

previous authors.

Then the implied MIL ~ 51 is reasonable for a group of spirals and
ellipticals
Tidal Distortions of Cluster Galaxies VV 166 is at the compact end of the
range of groups that can be studied by
the technique described above. HowSeveral cases have been found during ever, the effects of tidal distortion, and
the past few years in which an apparent especially the use of tidal limiting radii
member of a compact group of galaxies as criteria for group membership,
has a wildly discrepant redshift. In gen- should be useful for investigating veloceral only statistical studies can decide ity anomalies in more ordinary clusters
whether these anomalies present a real of galaxies.
problem to orthodox physics or whether Arp reports that studies are in progthe discrepant objects are just due to ress of Seyfert's Sextet, the tight chain
chance projection effects. Unfortu- 0f galaxies known as VV 172, NGC
nately, there are insufficient examples 4319, and Markarian 205. Superposifor a convincing statistical analysis to tion prints of four exposures show, as
be made. This is one reason why the some other photographs have done, a
subject is so controversial. Sargent and fairly bound, straight connection leadgraduate student John Kormendy have ing from Markarian 205 toward the
accordingly investigated the measure- nucleus of NGC 4319.
ment of tidal effects as criteria for

membership in small groups of galaxx
CUsters gf Galaxks
ies. I hey have applied the method first
to the NGC 70 group (VV 166). This
cluster is illustrated in Arp's Atlas of A program to investigate the dynamPeculiar Galaxies , where it is object No. ical properties of the clusters of galaxies
113. One of the galaxies, NGC 68, an which have been detected as x-ray
elliptical, has a velocity 1000 km s~' sources was begun by Sargent. A parsmaller than the mean of the other ticularly interesting question is the corseven members of the group. While this relation between the intrinsic x-ray
is not exceedingly discrepant, it does luminosity and the velocity dispersion
make a considerable difference to the of the galaxies that is indicated by the
mass of the group inferred from an ap- small amount of existing data. During
plication of the virial theorem. The vir- the report year, Sargent obtained redial mass-to-light ratio of the group is shifts for 10 galaxies in Abell 262, 3 in
186 if NGC 68 is included and 51 if it is Abell 496, 15 in Abell 576, 6 in Abell
not. Fortunately, NGC 68 lies on one 1367, 7 in Abell 2052, and 3 galaxies in
side of the group and Sargent and Kor- Abell 2666.
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3CR Sources
Kristian, Sandage, and Katem published the first results of a program to
review the status of the optical identifications of all sources in the revised
Third Cambridge Catalogue to the limit
of the 5-meter telescope. Despite the
fundamental character of the 3CR
catalogue for many problems in astronomy, one quarter of all sources
above galactic latitude 15° are still not
identified and an appreciable fraction of
suggested identifications are probably
incorrect, primarily because of the relatively low accuracy of early radio positions. During the past decade, however,
strenuous efforts by many radio astronomers inEngland and in the United
States have produced positions for most
high-latitude 3CR sources with accuracy of the order of 1 arc sec, and it now
seems appropriate to repeat the important pioneering identification surveys
of Veron, Wyndham, and others.
Results were reported for 47 sources
that had been either unidentified or
identified only provisionally. New
Illa-J plates made with the Hale Telescope and the 1.2-meter Schmidt telescope were measured for positions of objects near each radio position. Optical
identifications were made on the basis
of position coincidence alone, with combined radio and optical position uncertainties ofa few arc seconds or better.
Previously suggested identifications
QUASARS

AND

in 11 of the fields were shown to be invalid on the basis of position disagreement. This indicates that a substantial
part of suggested faint identifications
may not be correct.
Of the 47 sources, positive identifications were made for 19, possible or
probable identifications for another 7,
and 21 fields are empty to the limit of
the best available optical material,
which in almost all cases is fainter than
the Palomar Sky Survey.
Most of the 26 positive or probable
identifications are galaxies. The classification ofthe very faint identifications as compact galaxies, quasars, or
even very distant normal E galaxies is
difficult from the plates alone.
Nevertheless, only 4 of the 26 objects
appear unresolved, and are therefore
quasar candidates: 3C36, 272, 321, and
418. This is a rather small number compared to the frequency of definite
quasars among the brighter identified
sources, although the number of objects
is still too small for reliable statistics.
One of the purposes of this work was
to locate distant radio galaxies in clusters to provide high-redshift candidates
for the Hubble diagram. Ten cluster
candidates were found, most of them
fainter than the routine Sky Survey
limit. The best cases are 3C268.3, 299,
324, 330, and 337. For 3C299, H. Spinrad and H. E. Smith of the University of
California at Berkeley have measured a
redshift of z = 0.367.

Q U A S I -S T E L L A R

Space Distribution
The quasars are the only astronomical objects for which we have direct evidence that their space density has been
changing as a function of cosmic time.
The derivation of the space distribution
of quasars requires knowledge of the
redshifts of a sample complete to given
limits of optical and radio flux densities.

OBJECTS

Schmidt has completed a spectroscopic
survey of 4C quasi-stellar radio sources
identified by E. T. Olsen in the declination zone +20° to +40°. Optical flux
densities of the newly detected quasars
were measured with the multichannel
spectrophotometer. A complete sample
of 50 4C quasars brighter than visual
magnitude around 19.7 could be assembled. This sample has been investigated
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in conjunction with a sample of 38 3CR
quasars complete to the same optical
limit. Application of the V Vm uniformity test shows that these quasars have
a nonuniform distribution in the universe. Looking back to a time when the
universe was one third its present age
(corresponding to a redshift of 2 in a q{)
= 0 Friedman universe), Schmidt finds
a space density of quasars almost 1000
times as large as the local space density.
There is some evidence that the density
increase may depend on (1) the ratio of
radio to optical flux, and (2) the radio
spectral index of the quasars.
Spectroscopic Surveys
Schmidt has completed a spectroscopic survey of 120 faint blue objects in
the 0, 1. 8, and 15-hour high-latitude
fields of Sandage and Luyten. The objects were selected on the basis of colors
and charts provided by Sandage. The
survey yielded 44 quasars with redshifts (of which 35 are new), 7 continuous spectrum objects, and 69 galactic
stars.
Observations with a Photon-Counting
TV System
Sargent collaborated with A. Boksenberg of University College, London,
in making observations at the coude
spectrograph of the Hale telescope with
a photon-counting TV system that had
been built at University College. The
instrument consists of a four-stage electrostatically focused image tube that
gives a gain of about 10f; . Photon events
on the image-tube phosphor are detected by a commercial Plumbicon TV
camera; the location of the events is
stored in a computer. The events on the
image-tube phosphor are electronically
preprocessed in order to remove ion
spots and to determine the center of
gravity of the genuine photon events.
'These cover several resolution elements before being processed.) Sky subtraction isdone by the computer, and
the spectrum is displayed as a graph on
an oscilloscope as the counts are ac-
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cumulated. The device was successfully
operated for three nights on the 91 -cm
camera of the 5-meter coude spectrograph in October 1973. It was possible
to observe a portion of spectrum in 1000
channels, each 0.31 A wide.
The principal object of interest was a
17-mag QSO, Pks 0237-23. This object
has an emission-line redshift of zem =
2.22 and a rich absorption-line spectrum. Earlier work on conventional
spectrograms with a much lower resolution (2.0 A at most) had shown that the
absorption lines arise from at least five
redshift systems. Boksenberg and
Sargent obtained new high-resolution
data for two contiguous wavelength regions extending from \ A 3730 to 4300.
The integration times were about 1
hour to accumulate about 300 counts
per channel. Seventy-two absorption
lines were identified on the TV spectra;
only 28 were found on the older conventional spectrograms of the same
wavelength region. A computer
analysis of the new and old data on Pks
0237 — 23 revealed many new
absorption-line redshifts. Several of the
systems known from previous work,zabs
= 1.51, 1.59, and 1.65, are seen to split
into two close systems with a separation
of about Az = 0.001 when examined at
high resolution. The redshift already
known atzabs = 1.67 was found to split
into four redshifts at zabs = 1.6998,
1.6708, 1.6732, and 1.6744. In all, about
25 certain and probable absorption redshifts were identified. The lines are
very sharp, having widths corresponding to velocities of less than 30 km s~ ' in
the rest frame of the source. The redshift at zabs = 1.9555, which was controversial, seems well established with
the new data. The new observations of
Pks 0237-23 have raised several puzzling questions. For example, a splitting close tozabs = 0.0010 occurs seven
times and has no physical explanation
as yet. Sargent and Boksenberg propose to make further observations of
Pks 0237-23 over a wider range in
wavelength in the fall of 1974.
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The photon-counting TV system was
also used to make observations of the
spectra of M31, M32, and NGC 1600 in
order to determine accurately the velocity dispersions of the stars in the center
of these galaxies. Graduate student
Paul Schechter has assisted in the
analysis of the data by writing programs to compute Fourier transforms
of the spectra of the galaxies and of
the spectrum of a standard K giant
star whose spectrum resembles that
of the galaxies. The velocity dispersion
is then obtained by fitting a gaussian
to the quotient of the two Fourier transforms. (This procedure makes use of
the fact that the Fourier transform
of a gaussian is a gaussian.) Since the
TV system provides digital data, it is
very easy to carry out the extensive
computational work, and the method is
quite satisfactory.
BL Lacertae
Oke and Gunn have obtained photoelectric spectrophotometric observations of the extended object around BL
Lac by using an entrance annulus
rather than a simple aperture in the
multichannel spectrometer. The extended object has an energy distribution corresponding to a normal giant
elliptical galaxy and the redshift derived from absorption features is z =
0.07; the reddening corresponds toEB_v
= 0.28. The central source has a power
law spectrum with a = — 1.55. Using
H0 = 60 km s" 1 Mpc- 1 , the absolute
visual magnitude of the galaxy is
-22.9. The central source at its brightest is seven times as bright as the
OBSERVATIONAL
Measurement of the Expansion
Velocity Field and the Mean Random
Motion of Local Field Galaxies.
The Value of q0
The long-range program for the determination othe
Hubble constant that
f

galaxy, and comparable in luminosity
and spectral index to 3C48, 3C279, and
3C345, assuming these latter to be at
cosmological distances. Thus BL Lac
appears to be a typical quasar in most
respects and displays the same inverse
Compton difficulty that other active
quasars do if their distances are greater
than a few hundred kiloparsecs. The
fact that the galaxy around BL Lac appears to be a normal old elliptical
galaxy suggests that the quasar
phenomenon is not confined to young
galaxies or galaxies in the process of
formation. The absence of emission
lines in the spectrum, while somewhat
unusual, is not particularly relevant to
the quasar itself.
OQ 172 and OH 471
Oke has obtained absolute spectral
energy distributions of the two verylarge-redshift objects OQ 172 (z = 3.53)
and OH 471 (z = 3.40). Assuming cosmological redshifts, these two quasars
are not as luminous as PHL 957. In OQ
172 there is no intensity drop at the
Lyman limit. However, in OH 471 the
drop in intensity is very large. In
4C05.34 the drop in intensity at the
Lyman limit is by about a factor 2. If
radiation processes prevail, the
strength of Lyman-a and the behavior
of the continuum at the Lyman limit
strongly suggest that quasars consist of
a central ionizing source surrounded by
discrete clouds or filaments, or perhaps
a gaseous structure such as a disk.
Whatever the distribution of gaseous
material, it does not cover the whole
solid angle surrounding the ionizing
source.
COSMOLOGY
has been carried on for the past 10 years
by Sandage and Tammann was completed and prepared for publication in a
series of six papers during the report
year. The details of steps and interim
results have been reported in Year
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Books 70 (p. 417), 71 (p. 689), and 72 (p.
131), and those results will not be repeated here. During the final analysis,
however, new results were obtained
that bear on the regularity of the Hubble expansion field and the lack of systematic perturbations to the motion
caused by density fluctuations of the
nearby galaxies.
Sandage and Tammann found, from
their eight steps {Year Book 70, p. 418),
that the distance to the Virgo Cluster is
{m - M) = 31.45 ± 0.09, orD = 19.5 ±
0.9 Mpc, using the Sc III, Sc II-III, Sc II,
and Sc I spirals and fitting to the previous absolute magnitude calibration of
such galaxies. A discussion of the mean
redshift of the Virgo Cluster, using
known data and new redshifts determined in the current program, gave u„
= 1 1 1 1 ± 75 km s_ ' with no evidence for
a difference between spirals and ellipticals. The v r ratio, which is the local
Hubble ratio at the Cluster, is then// =
57 = 6 km s" ' . The unexpected result is
that this value, determined from the
nearby Virgo Cluster itself (whose motion had heretofore been assumed to
suffer large perturbation due to matter
in the local supercluster), is the same as
Sandage and Tammann had previously
found for the remote supergiant spirals
at Hu = 55 ± 6 km s" ■ . To investigate
further, these workers examined the
Hubble ratio for individual nearby
galaxies whose distances had been determined from H II regions and found
that all the nearby galaxies closer than
20 Mpc also showed virtually the same
Hubble constant with (H) = 57 ± 3 km
S"1.
The agreement of these three values
and the lack of systematic variation of
H„ with supergalactic longitude have
led Sandage and Tammann to conclude
that the velocity field of nearby galaxies
is as regular, linear, and isotropic as
they can measure it.
The analysis was carried one step
further to solve for the mean random
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motion of local galaxies in the general
field (i.e., 2 =s D < 20 Mpc). Fundamental distances to these galaxies as derived from H II regions and brightest
resolved stars, combined with measured redshifts, gave no detectable random motion component to the general
expansion field at an rms level of ~ 50
km s~ ' . Hence, the Hubble flow was also
found to be as quiet as these workers
could measure it. With cr(f) randoms
50 km s_1, the distance to any individual galaxy can apparently be found
with high accuracy from the velocitydistance relation itself, even for galaxies with velocities as small as 200 km
!- 1

The lack of a measurable velocity perturbation for field galaxies even in the
presence of the large local fluctuation in
the gravitational potential energy of
nearby galaxies (they are clumped in
the supercluster with an excess density
of a factor of 2), shows that the ratio of
gravitational potential energy to kinetic energy of the expansion is small. Because this ratio is 2 q0 (the deceleration
parameter), Sandage and Tammann
conclude that the universal deceleration constant q0 is closer to zero than to
1/2. They point out that if this is true the
expansion cannot turn into contraction.
The same conclusion was reached on
the different grounds of the time scale
by Sandage and Tammann (Paper VI of
the Hubble constant series) by showing
; °0;J* %] if H0 = 55 km s" '
= 0.10
that q0
Mpc"
] and
if the age of the universe is 15
± 1 x 109 years, determined from the
globular clusters in our Galaxy with
for their formaappropriate
tion time. allowance
Test for Real Versus Apparent
Recession
From the time the distance-redshift
phenomenon for galaxies was discovered in the late 1920s, questions have
recurred as to the reality of the indi-
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cated expansion of the universe. Do we
observe an uncomplicated Doppler effect or perhaps some other, unknown,
effect in physics? In 1934, R. C. Tolman
devised a fundamental experiment to
test the reality of the apparent expansion, but it has heretofore been impossible to apply the test to real galaxies
because of the necessity of resolving
images to better than— 0.2 arc seconds.
Sandage developed the requirements
for the test in terms of what we know
today about the parameters of real
galaxies and the expected capabilities
of the 3-meter Large Space Telescope
planned for orbiting in 1980; he concluded that a major opportunity will
exist with that telescope to test the fundamental nature of the redshift.
The basis of the experiment is the
prediction that the surface brightness of
an object with an observed redshift z
will be decreased by (1 + z)-4.Two factors of (1 + z) can be understood as a
decrease in the energy per unit time in
the photon stream. (One factor comes
from a time dilation between the source
and the observer, which increases the
arrival time between successive
photons; a second factor comes from a
decrease in the energy carried by each
photon.) Two additional factors arise
because the observed area of the illuminated disk is increased due to aberration by (1 + zf.
Stationary sources under redshift
(postulated to be due to a not understood
new effect in physics) would suffer only
one factor of 1 + z (due to the decrease in
photon energy), and the surface brightness should decrease by only (1 + zY1 .
The test is not as straightforward as
these results suggest, as galaxies do not
have well-defined surface-brightness
values. However, the same principles
exist concerning diameters, and Sandage showed that a powerful experiment exists in principle by finding how
the ratio of intrinsic (i.e., metric)
diameter to diameter to a given isophotal
level varies with redshift. He could
show, following earlier work by Kris-

tian and Sachs, Penrose, and others.
that this ratio is independent of the deceleration parameter q() (i.e., the intrinsic geometry of space), and hence of
cosmological model.
Calling the ratio of these diameters
ty(z) at redshift z, the final equations
reduce to forms like
M).2 iK+&m£

Viz) - V(0) (I + z)'1 10'
for true expansion, and
Viz) =* ¥(0) (1 + Z)05 10°-2 tK+AmBi
for the model where the redshift is not a
Doppler effect. Here, K is the ordinary
correction term due to the shift of the
energy curve through the measuring
bands, and A% is the evolutionary correction of the light of galaxies during
the light travel time to us from redshift
z.
The enormous difference in the exponent of the (1 + z) term in the two cases
shows that the test is very powerful for
z gIt 0.4.
turns out that V(z), the ratio of
metric to isophotal diameter, can be
found for all z ;6 0.6 from the Large
Space Telescope if its resolution will be
better than 0.1 arc sec. Hence, if galaxies can be found whose intrinsic properties are very stable, that is, where
^(0) — the ratio of diameters at small
z — has a small intrinsic dispersion,
then the test is indeed powerful.
There is reason to believe that \P (0) is
stable for first-ranked elliptical cluster
galaxies because measurements reported during the past two years
showed that the absolute magnitudes
and isophotal diameters of these systems have very small dispersions of a
(Af pg) - 0.3 mag, and or (A log 6) « 0.06.
However, the success of the test does
depend on detail of the statistical properties of the ^(0) function. To determine these properties, a major series of
observations of bright E galaxies in
nearby clusters (z < 0.03) was begun by
Kristian, Westphal, and Sandage,
using Westphal's Silicon Intensifier
Target (SIT) vidicon area photometer.
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which has been under development for
two years. The frames were calibrated
into absolute units by observations of
standard stars, and isophotal angular
diameters of brightest E galaxies in 20
clusters are being obtained from the
data. The analysis is not complete, but
these data, together with older values
m the literature, show that the rms deviation of the ¥(0) function is small
compared with the difference in the (1 ±
2 ]- and 1 1 + z)os terms for the expanding and nonexpanding cases. The work
suggests that the experiment is feasible
and is expected to provide observational
data on the question of expansion.
Distant Clusters of Galaxies
Gunn and Oke have continued their
study of distant clusters of galaxies and
have completed the first phase of this
work. The first phase is a study of 23
galaxies in 21 clusters, mostly discovered from a 1.2-m telescope Illa-J survey. For all of these, energy distributions and redshifts (all between^ = 0.20
and 0.46) have been obtained. The survey has been analyzed by a new technique that is believed to take better account of selection effects than previous
analyses. This analysis was done both
without brightness evolution and with
a i conservative) evolutionary rate as
calculated by Tinsley. Some uncertainty in the statistics comes from the
fact that 3C295, the most distant object
in the sample, was not obtained with
the same sampling rules as the rest and
is clearly anomalously bright for its
redshift. Whether or not to include it is
regarded as a matter of personal choice.
The resulting values for the deceleration parameter q0 are as follows:
3C295
Included
no
yes
no
yes

Evolution
Included
no
no

+0.33
-0.15
-0Qo.43
-1.27

a
0.7
0.6
0.5
0.6

yes
yes

The negative qu values in this analysis
correspond to negative total densities
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and are unphysical, but for the small
redshifts involved the answers will not
differ significantly from, say, models
with positive cosmological constants
and positive densities.
Many more clusters, all found in the
special 1.2-m telescope survey with
Illa-J plates, will be observed since the
selection effects for these objects are
moderately well understood.
A survey to find still fainter clusters
of galaxies is progressing. This survey
is being made with a 90-mm magnetically focused image tube at the prime
focus of the Hale Telescope. Plates are
taken in the 6000-7000 A band with
baked Illa-J plates and limiting exposures of4 to 5 minutes. So far, 200 plates
have been taken under conditions of excellent seeing, and approximately 15
very faint clusters have been discovered. Visual magnitudes for the brightest galaxies are 21 to 23. A few of the
brightest of these have been observed
with the multichannel spectrometer;
they all have redshifts somewhat larger
than 0.40, with one about 0.60. This last
has a brightest galaxy at visual magnitude 22.6 and represents the limit to
which current instrumentation (the
multichannel spectrometer) can reach
for redshift and energy-distribution determinations.
Gunn and B. M. Tinsley of the University of Texas have continued their
studies of the light evolution of giant
ellipticals. Spectrophotometric data at
high resolution (546 wavelengths from
k k 3160 to 10,600) have been obtained
for about 200 stars and 5 elliptical
galaxies. Synthesis of stellar contributions will be attempted, using the
semiempirical methods of Tinsley.
Tracks for the giant branch are being
obtained from M67, NGC 188, and the
Eggen "old disk" groups. The observations and the preparation of the tracks
from the groups and clusters combined
with the best current interior models
are almost finished, and attempts at
synthesis should begin this fall.
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J. R. Gott III of the California Insti- point to the above value; the dynamics
tute of Technology,
Gunn,
D. N. of the local supercluster, which gives an
Schramm of the University of Texas, upper limit to the density in the above
and Tinsley have assembled the evi- neighborhood;
dence
accumulated«,,
so far which
bears
,helium
v
■> deuterium
-, the, abundances
, , now.of
.,
t
.,
c
and
(and
on the question of the mean density of
,
,.,, .
. . . .„
,. .

the universe, paying closest attention to
the "local" evidence, mostly chemical
and dynamical. They find that all such
evidence points to a universe in which
the density is about 5% of critical. The
primary
lines of evidence
are the
dynamics of small groups of galaxies
and the Local Group, both of which

Pfrhaps, lithium) which if primordial,
Slve the above value' and a^es both of
old stars and of the r-process elements,
which give numbers consistent with low
densities. Models of high-density universes can be derived that are consistent with all of the above phenomena
but only in very contrived ways.

INSTRUMENTATION
A new Cassegrain spectrograph designed for use primarily with video
camera tubes was put into operation on
the 5-meter Hale Telescope in
November 1973. The light detecting
system was in this case the Boksenberg
digital camera. The controls for the
spectrograph have been designed so
that the aperture, filter wheel and dark
slide, and comparison light sources can
all be operated remotely through the
use of existing control boxes that were
provided for the multichannel spectrometer. Throughout the eight nights
during which the spectrograph was
used, it performed as expected with no
evidence of flexure or other drift problems. An SIT-camera tube in a cooled
vacuum Dewar has been assembled and
will soon be tested on the spectrograph,
Interferometric Imaging Device

A theoretical study of systems employing two or three Fabry-Perots and
an interference filter in series to form
images of astronomical objects within
very narrow, but tunable, spectral
bandwidths has been completed by
K. Taylor. It is shown that a device of
the three-etalon type is able to act as a
very pure filter with a bandwidth of

image is filtered identically, the image
size being restricted to the size of the
etalons used. The filter can be pressurescanned easily within a range of ± 300
km s_1 at Ha, hence enabling velocityfield studies of diffuse nebulae and
nearby galaxies to be made through the
Doppler shift of a prominent emission or absorption feature,
It is suggested that a first-generation
instrument of this type could involve
only two etalons, mounted at the f/16
focus of the Hale Telescope. With
40-mm etalons it should be possible to
photograph IY2 arc min regions of the
sky at a 25 km s~ 1 resolution at Ha with
the above-quoted tunability. Combined
with an image tube, this device has
much promise for providing new information on the kinematics of planetary
nebulae, galactic H II regions, and
galaxies.

Double Fabry-Perot Monochromator
A new pressure-scanned photoelectrie
monochromator
having
two
Fabry-Perot interferometers and an interference filter in series has been constructed by Taylor and Munch for use
initially at the Cassegrain focus of the
1.5-meter Palomar reflector. The in-

20 km s_1 at Ha while accepting up to strument has a spectral range of 0.6 to
an f/10 beam from the telescope. More- 1.1 /xm with a resolving power greater
over each spatial element across the than 105 at Ha. The adopted spacer
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ratio for the Fabry-Perots gives a very sifters with S25 and SI responses have
pure instrumental
profile with side also become available. The SI tube is
Lobes transmitting less than 3%. There cooled by conduction from a dry-ice
are 50 spectral resolution elements on slush reservoir in order to allow expoeither side of the 100% primary max- sures of up to two hours without obimum. The spectral contrast produced jectionable dark emission.
by the system is equivalent to that
given by a single Fabry-Perot of finesse SIT Vidicon Area Photometer
greater than 60. With a 15 A bandwidth
interference filter, more than 50rf of the Westphal and Kristian have conintegrated transmission of the instru- tinued to study the application of SIT
mental profile is contained within the Vidicon television tubes to twoprimary transmission peak.
dimensional photometry. A description
The two etalons are mounted in sepa- of the photometer was given by
rate pressure chambers, with the inter- Westphal at a recent symposium at the
ference filter serving as a pressure University of British Columbia (see bibbulkhead. An interference order co- liography), and a discussion of the reincidence is chosen by setting the pres- suits to date is being prepared for publisure differential, which is maintained cation. Understanding of the characthrough the continuous scanning pro- teristics of the system continues to incess by an automatic pressure control- crease as it is used, but it is now clear
ler. In this way a range of 14 A at Ha that such tubes are useful for a wide
can be scanned with a pressure varia- range of astronomical problems.
tion of 30 psi in C3Hg gas while main- The small-scale (pixel-to-pixel) varitaining the order coincidence to within ations in tube responses are very close
a tenth of the spectral resolution. to those expected from photon counting
The instrument, being suitable for statistics; that is, the sensitivity aphigh-resolution studies of faint diffuse pears to be photon-noise limited. The
emission-line objects, has proved very repeatability and stability of the tube
successful in obtaining profiles of the and electronics on time scales from sucfaint [ O I] , K 6300 and O I A 8446 emis- cessive exposures to a few days are good
sion in M42 and several of the brighter at the level of of full scale or better.
planetary nebulae.
The response of the system is slightly
nonlinear in two ways. (1) For changes
Image Intensifiers at the 5-Meter Coude of exposure time at a constant intensity,
the slope of log output versus log input
On the occasion of the appearance of
Comet Kohoutek, a 90-mmS25-cathode
image intensifier was acquired through
a grant from the National Aeronautics
and Space Administration
Office of
Planetary Astronomy. The tube is focused by a permanent magnet and has a
fiber-optic exit plate of superb quality,
It can be used at room temperature in
exposures of up to two hours without
significant background fog. Mountings
for this tube have been constructed for
the 3.7- and 1.8-meter cameras of the
Palomar coude spectrograph. For the
91-cm camera of the same instrument,
40-mm
magnetically
focused inten-

("gamma"
in photographic terminology) is not unity, as it would be for a
strictly linear device, but slightly less
(0.97 for the tube which has been tested
most extensively). The value of gamma,
however, is constant over a wide range
of exposure times, and is also secularly
constant. (2) For light of different intensities, as measured by a photomultiplier tube, gamma is also different from
unity by a few percent. There is some
evidence, however, that some photomultipliers are themselves nonlinear at
this level, and until an absolute linearity measurement is made, the results
are ambiguous.
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Calibration
of star
and
galaxy scope. Examination
of data frames
photometry is now done in two stages, taken in blank regions of the sky and of
First, the large-scale sensitivity differ- the sky at twilight indicates that this
ences across the tube (of order 10%) are procedure works satisfactorily at the
removed by exposing the tube to a uni- 1% level.
form source of illumination — a "flat The system has so far been able to
field." Second, a sequence of standard reproduce standard star sequences to
stars is observed, as in normal photo- 3% at the telescope. Laboratory tests
electric photometry, to obtain calibra- indicate that it should be possible to
tions with respect to a standard system, obtain 1% accuracy, and work is conIt seems to be necessary to calibrate the tinuing toward this end. In the meanflat fields at the telescope with the same time, the system is adequate for many
optical configuration that is used for the problems and is being used in studies of
measurements of objects in the sky. galaxy clusters, intensity and color disProviding a suitable uniform source at tributions of relatively nearby galaxies,
the telescope has been a particularly globular clusters, and other objects,
troublesome practical problem. The A new program has also been started
present procedure is to illuminate a spot to explore the possibility of using an SIT
on the windscreen of the dome, slightly as a detector for spectroscopy and speclarger than the diameter of the tele- trophotometry.
ASTROELECTRONICS
General

LABORATORY

The new system uses a number of
printed circuit boards that provide
The laboratory directed its major ef- modularity and flexibility, promoting
fort toward completing the cabling and economy.
testing the major subassemblies on the Recent technological advances have
du Pont telescope. The project included allowed
techniques,
heretofore
too
the design, construction, and testing of costly, to be used to control the various
four diagnostic subassembly controllers telescope motors. Dedicated microcomused to test the four major subassemb- puters ("a computer on a chip") are
lies of the telescope. The diagnostic con- being designed
into this automatic
trollers have expedited independent op- motor control system to allow precise
erational testing of the various subas- control of the fundamental telescope
semblies
and have identified many and dome functions without utilizing
problems that might have gone unde- expensive specialized hardware.
tected until the telescope was reassemrni _ ,- . m 7
n i • nk -i rpi , i
i i•
The 5-Meter 1 elescope
bled
Ij he •telescope
~
0 ^ ^
,
iin Chile.
,
j
,v cabling
i . \ sysj
Computer
system
tern has been designed with a high de*
J
gree of modularity to provide maximum Continuing the upgrading program of
flexibility and capability for expansion, improvements, a 32,768-word memory
was added to the computer system to
Automatic Telescope Control System replace the 16,384-word memory previously used. The smaller memory was
The long-standing policy of using a then added to the plate-scanner system,
central computer for both telescope con- allowing more sophisticated programs
trol and data acquisition was reex- to be utilized.
amined. A simple and more reliable During the year, a punch-card reader,
control system, utilizing single dedi- a second magnetic-tape unit, and an excated data cables, was developed under panded data-room control panel were
the guidance of Westphal and Kristian. also added. This panel included a button
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that initiates an automatic programloading sequencer for automatically reloading the computer program. This
function has greatly improved the
system's effectiveness and has also reduced the "down time" due to improper
reloading procedures.
Digital Image Recorder
The digital image recorder (DIR) (see
Year Book 72 , p. 151) was tested at the
GUEST
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1.5-meter and the 5-meter telescopes.
In December, the DIR memory unit
was loaned to the Jet Propulsion
Laboratory for a very successful research project with an electron microscope. A fallout of this study showed
the capability of the DIR memory to
give high-speed contrast enhancement
and noise reduction by the rapid (60
frames/sec) integration of the digital
data.

INVESTIGATORS

Dr. Saul J. Adelman of the NASA
Goddard Space Flight Center has used
spectrophotometry scans of magnetic
Ap and normal main-sequence stars,
obtained at Palomar Observatory, together with other observations and published energy distributions, to examine
the similarities of the continuous
energy distributions of these types of
stars in the region XX 3300-7100. Although the flux distributions of magnetic Ap and normal stars were found to
match in a gross sense, many magnetic
Ap stars are found to possess continuous
absorption features that are identified
as those produced by bound-free discontinuities ofSi I. Substantial progress
has been made on an abundance
analysis of the normal sharp-lined star
(j Aquarii (AO IV) and on photographic
region line-identification studies of the
magnetic Ap stars HD 43819 and HD
110066. These studies use spectrograms
taken at the Hale Observatories. In addition, a photographic region lineidentification study of the magnetic Ap
star HD 200311 was completed, using
spectrograms taken by Preston.
Dr. J. R. P. Angel of the University of
Arizona and Dr. J. D. Landstreet of the
University of Western Ontario have
used the multichannel spectrophotometer with a polarization modulator on the
5-meter telescope (of. Astrophys. J.
[Lett.], 277, Lll, 1972) to measure the
wavelength dependence of circular
polarization in the magnetic white
dwarfs
Grw + 70G8247,
G195-19,

G99-47, and GD 229, and the
wavelength dependence of linear
polarization in the intrinsically polarized cool stars R Andromedae, R Bootis,
and R Scuti, and in HD 183143, which
is polarized by interstellar dust. Work
is currently in progress to synthesize the white dwarf polarization spectrum theoretically and to determine the
magnetic field strength and coarse
geometry. A study of the wavelength
dependence of circular polarization in
the X 4670p white dwarf G99-37 based
on observational material obtained
early in 1972 with this system has resulted in the first accurate field
strength determination for a white
dwarf (He = 3.6 x 106 gauss) and a good
theoretical fit to the observed polarization spectrum (Astrophys. J., in press).
The material on GD 229 is also in press
(Astrophys. J. [Lett.] ).
Landstreet used the coude scanner of
the 2.5-meter telescope at Mount Wilson with a polarization modulator (cf.
Astrophys. J. [Lett.], 185, L139,
1973) to search for weak magnetic fields
in main-sequence stars in the range
B0-F5. Measurements of 13 stars were
obtained with standard errors of
30-150 gauss. No new fields were
found.
Dr. Jay T. Bergstralh of the Jet Propulsion Laboratory made a number of
spectroscopic observations with the
Mount Wilson 1.5-meter coude spectrograph. J.P. L. personnel assisted in
assembling the 1.8-meter camera and J.
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P. L. also loaned a suitable grating (300
groove mm1, 2.5 jjl blaze in the first
order). Spectroscopic observations of
Saturn in the (3,0) and (4,0) quadrupole
bands of H2 were attempted during December, 1973. These were to have been
for the purpose of studying horizontal
and vertical inhomogeneities in

microphotometer, while the author was;
at the Hale Observatories,
Dr. Ann Merchant Boesgaard, on
sabbatical leave from the University of
Hawaii and a Visiting Associate of the
Hale Observatories, has continued a
project on circumstellar envelopes that
she and Dr. Armin J. Deutsch began in

Saturn's upper troposphere. An image
intensifier on loan from Table Mountain Observatory malfunctioned, however, so the observations were unsuccessful. The same image intensifier
functioned very well during a run from
26 to 30 April 1974. Three well-exposed
spectra of Uranus in an extremely weak
CH4 band at 6800 A were obtained; each
exposure required 6 hours. The three
spectra have been traced with a digital
recording microphotometer and combined numerically to form a single
high-signal-to-noise spectrum. Bergstralh hopes to be able to use this spectrum to assign rotational quantum
numbers to the members of the CH4
band. If successful, he should also be
able to derive a reliable rotational

1968. Together they collected information on the circumstellar (CS) features
of the K-lineofCall, theD-linesofNa I,
and Ha for some 85 K and M giants and
supergiants. Boesgaard is studying particularly the M giants to determine the
structure of a typical CS envelope for a
given spectral type. Most giants cooler
than M0 show a CS component for Ca II,
but the CS feature does not become
common at Ho: until M2 and not until
M4 for Na I. The strength of all three
features increases with advancing spectral type. In those stars that show CS
components, the velocity of expansion
seems to increase toward later type
stars for Na I and Ha; however, for Call
the expansion velocity is approximately
constant until M4, when it begins to

temperature for Uranus's atmosphere, decline. These data are being used to
Dr. J. C. Blades of the University of check models of the ionization and velLondon Observatory has observed the ocity structure of the CS gas and to deinterstellar calcium K line seen termine typical mass-loss rates for M
superimposed on the spectra of early- giants.
type stars. This work investigated pos- The 1.2-meter Schmidt program of
sible changes with time of the K line; Dr. Martin S. Burkhead and Dr. J.
both fluctuations in intensity and ra- Keith Kalinowski of Indiana Univerdial velocity changes were looked for. sity was directed toward the accumulaUsing the 81-cm camera at the coude tion of multiple sky-limited exposures
focus of the Mount Wilson 2.5-meter of several galaxies and systems
of
telescope, spectra were obtained of the galaxies on Ilia- J plates. They intend
stars HD 25558, HD 58350, HD 30836, by means of photographic addition (inand HD 164353. Coude spectra of sev- tegration printing) to extend the limits
eral other stars were obtained for stan- of photographic detectability. Broaddardization. Microphotometer tracings band (UBV) photoelectric drift scans
of the K lines seen on these plates are through many of these galaxies (which
being compared with observations of include NGC 3379, M65,M66, and M51^
the same line reported by W. S. Adams have revealed that their detectable pro{Astrophys. J., 109, 354, 1949), L. A. files extend much farther (often to sevMarschall and L. M. Hobbs (Astrophys. eral galaxy diameters as seen on the
J., 173, 32, 1972), and by the author, Palomar Sky Survey) than generally
using plates taken with the 1.9-meter has been suspected. Existing and conRadcliffe telescope at Pretoria. Adams' templated photoelectric data will be
plates were traced, using the Caltech used to calibrate the photographic com-

L64
posites and obtain two-dimensional
coverage for the galaxy surfacebrightness profiles. Their most complete plate material is of M51.
At the coude of the 2.5-meter telescope at Mount Wilson, Dr. Judith
Cohen of the University of California at
Berkeley obtained spectra of several B
stars in which the ultraviolet interstellar doublet of Na I can be seen. These
lines are extremely useful as indicators
of column density, as they are very
weak and hence relatively unsaturated.
The comparison of the column density
deduced from the yellow doublet with
that from the UV doublet reveals a general error of a factor of 10 (the UV doublet indicating more Na I in the line of
sight I with a dependence on the doublet
ratio. Also, spectra were secured of the
interstellar lines in a few B stars at high
galactic latitudes to terminate a program begun elsewmere.
In September 1973, Dr. Pierre Connes of the Centre National de la Recherche Scientifique set up a Fourier
infrared spectrometer in the lower
coude spectrograph room of the 5-meter
Hale telescope at Palomar. A special
mirror relay system is needed to get the
light to the instrument. The system is a
higher-resolution and larger-beamacceptance version of others so far used
with smaller telescopes. The observation period had been selected to coincide
with the Mars opposition, but Venus
and 15 stars (mostly M, C, and Miratype variables) were also observed. The
results uniformly show that the expected improvement due to the increase
in telescope collecting area has been
realized. Analysis of the data is in progress; itis obviously a very arduous task
because of the extreme complexity of
both planetary and stellar spectra at
high resolution (between 0.1 and 0.01
cm-', from 4000 to 10,000 cm"1). One
interesting result so far has been the
unexpected detection of molecular oxygen emission ([0,0] band at 1.27 /x) in
the Martian upper atmosphere. Research programs underway include the
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search for circumstellar or interstellar
absorption features. The planetary
spectra are analyzed for trace constituents, and the line profiles and line
shifts should give information on prestering.sure and, in the case of Venus, on scatDr. S. J. Czyzak of Ohio State University and Dr. L. H. Aller of the University of California at Los Angeles used
the 1.5-meter and 2.5-meter telescopes
at Mount Wilson to continue their
photometric program on gaseous
nebulae with emphasis on objects of
special interest and ones for which
photographic spectra had been obtained. Observations were secured for
the following objects: NGC 1535, NGC
6302, NGC 6537, NGC 6567, NGC 6826,
NGC 7026, IC 4846, IC 5117, IC 5217,
VV 286, Anon 21h 31m. Czyzak, Aller,
and Dr. J. B. Kaler of the University of
Illinois have carried out a new calibration of the spectrum of NGC 7027. The
"photographic" region of the spectrum
provided no great problem since ample
photoelectric calibrations were available. For the "visual" region, k > 4600,
they depended on Mount Wilson measurements with the photoelectric scanner for the fundamental calibration of
data secured with photographic observations, the Lallemand cell, and the
Robinson- Wampler image dissector.
Dr. Sandra M. Faber and Mr. Alan
Dressier of the University of California
at Santa Cruz had two nights of observing on the 1 .2-meter Schmidt. They took
several direct photographs in the visual
and in the red to determine the luminosity functions and density profiles of rich
Abell clusters of galaxies. These data
are not yet reduced.
Dr. Klaus J. Fricke of the University
of Gottingen employed the image-tube
spectrograph on the Palomar 1.5-meter
telescope to obtain untrailed spectra of
15 Markarian galaxies. Many untrailed
spectra of the Seyfert galaxy NGC 4151
were obtained in 8 position angles.
A 1.2-meter Schmidt survey was
made by Dr. Tom Gehrels of the Univer-
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sity of Arizona over 6° x 18° near the
preceding Lagrangian point of the
earth. Trojan-type and objects in
"horseshoe" orbits had been predicted
by Everhart (personal communication,
1973) and by P. R. Weissman and G. W.
Wetherill (Astron. J., 79, 404, 1974). No
such objects were found, to a limiting
magnitude of V = 20.0. An area of 12° x
12° was surveyed near the preceding
Lagrangian point of Jupiter. The area
was repeatedly photographed for orbit
determinations. The plates were sent to
Drs. C. J. and I. Van Houten at the
Leiden Observatory in order to follow
through on previous findings, to a limit
of£ = 20.0 mag., of 750 Trojans in the
preceding but only about 300 in the following point. During one night, repeated plates were taken of one field on
the ecliptic in order to get light curves of
asteroids smaller than about 10 km.
Large and rapid brightness variation
would be considered proof that these
small objects are collision fragments
rather than accretion products. These
plates were sent to Dr. R. LePoole at the
Leiden Observatory.
Dr. R. F. Griffin of the Cambridge
Observatories has continued to collaborate with Gunn in the measurement of
stellar radial velocities; they used the
photoelectric instrument at the 5-meter
telescope coude focus on 13 nights in the
report year. Additional stars were
measured in the globular clusters M3,
M13, M22, and M92, and work began on
M5 and M10; the Hyades and M67 were
also extensively observed. There is an
unexpectedly large velocity dispersion
in the Hyades; although several stars
have changed their velocities in the
two-year interval so far covered by the
observations, many stars on the fringes
of the velocity distribution have not yet
been seen to change. The reality of
small apparent variations of radial velocity was assessed by duplicating the
observations of a set of about 30 stars,
mainly 9-10 mag, on consecutive
nights: the r.m.s. difference between the
pairs of measurements was 0.37 km s_1.

Dr. R. E. M. Griffin, also of the Cambridge Observatories, has performed an
abundance analysis of the M67 giant
BD+12°1919, using the curve-ofgrowth technique applied to equivalent
widths derived from a photographic
spectrogram obtained last year by
Gunn and Griffin at the 5-meter coude.
The results do not substantiate the indications ofsome narrow-band photometric indices that M67 is metal rich.
Mr. Frank Holden of San Jose,
California, used the 1.5-meter telescope
at Mount Wilson to measure visual
double stars. The bifilar micrometer of
the 30-cm refractor at Mount Hamilton
was loaned for this purpose, by courtesy
of the Director of Lick Observatory, and
fitted to the 1.5-meter telescope. The
two observing runs, in total nine nights,
were overcast or with poor seeing. In
consequence, only a dozen pairs could be
measured, with the closest separations
at 0"7. The telescope is capable of
separating closer pairs, and it is hoped
to prove this under conditions of good
seeing.
Dr. H. M. Johnson of the Lockheed
Palo Alto Research Laboratory used the
1.2-meter Schmidt on three half-nights
to obtain plates in several passbands of
the y Cygni nebula. In order to suppress
the photographic halation of the bright
star 3 ' from the nebula, an occulting bar
was stretched across the plateholder
nearly tangent to the curved plate
where the image would fall. This was
successful and, in conjunction with various radio frequency observations, permits some conclusions to be reached.
The optical object is part of a supernova
remnant. Although it is detected only in
the red on the Schmidt plates, it is not
characteristically filamentary and it is
not certain that the red light is Hex .
Dr. Philip C. Keenan of the Perkins
Observatory used the coude spectrograph ofthe 5-meter Palomar telescope
to observe 18 stars in the red region at
13.5 A mm-1 . The plates are being used

L66
to differentiate the variable stars and to
investigate temperature, luminosity,
and abundance of heavy metals by
means of the lines and bands in this
region. The program concentrated on
giants, bright giants, and particularly
supergiants in the range GO to M5. Of
special interest was the star 35 rSagittarii, which has a published type
of K3p and a variable radial velocity
with a catalog mean value of -110 km
s_1 . The best estimate of an MK type
from small-scale plates is K3~ III with a
slight excess of Ba, in agreement with
Olin Wilson who reported also that the
lines of Sr II were too strong for his
K-line luminosity of Mr = +0.5. The
line ratios on two red exposures are consistent with the type K3~ but suggest a
luminosity slightly above the giant
branch. For the heavy metal abundances, as compared to a normal Population Istar of the same type, the red
region gave the following results: (1) Y,
very slight enhancement (1 out of 3
lines ); (2) Ba, very slight enhancement
<2 out of 5 line; (3) Zr, slight enhancement (5out of 7 lines); and (4) La,
doubtful enhancement (possibly 2 out
of 5 lines of La II).
Speckle interferometry observations
were conducted by A. Labeyrie of the
Observatoire de Paris and A. Boksenberg of the University College of London with the 5-meter Hale Telescope
during one full night of good weather in
June 1973 and parts of two bad nights in
October. In June, data were recorded on
90 stars in two colors. /3 Coronae
Borealis, t Serpentis, 8 Scorpii, y Persei, (r Herculis, xDraconis, c Herculis,
and fi Persei (Algol) were resolved into
binaries. Orbital elements and the masses of stellar components were calculated by D. Bonneau and R. B. Stachnik
in four cases. Several supergiant stars
were also observed. In October, Sirius
was observed at the request of R. Davis
and R. Hanbury Brown. Some anomalous features detected with the intensity
interferometer at Narrabri had suggested to them the possible existence of
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a second companion. No such companion was found, however, within the diffraction limit of the 5-meter telescope.
The run was conducted in collaboration with Dr. A. Boksenberg and also
permitted useful tests of his photoncounting television camera. Speckle
data were recorded on Cygnus X-l,
NGC 1068, and several QSOs. Although
not yet fully processed, these data confirm the possibility of increasing considerably the limiting magnitude for
speckle interferometry by applying digital techniques. This also prompted
the construction of a photon-counting
television system, which is now operating in the laboratory at Paris.
Dr. P. Lacroute of the University of
Strasbourg has obtained several plates
with the 1.2-meter Schmidt at Palomar
to test the precision of astrometric
measurements. The technique for these
experiments is to impress a reseau on
each exposure. Reduction of the plates
is in progress.
During the spring of 1974, Mr. Howard H. Lanning and Mr. Paul Etzel of
San Diego State University used the
Mount Wilson 1.5-meter telescope to
obtain additional differential UBVr
and no-filter photometry of the shortperiod binary Humason-Zwicky 22 (VX
Canum Venaticorum). Weather conditions were generally good, enabling full
coverage of the light curve. Reduction of
these new data is in progress.
During the past year, Drs. D. Matson,
T. Johnson, and G. Veeder of the Jet
Propulsion Laboratory have initiated a
new investigation of the satellites of
Saturn and the brighter asteroids. The
satellites Rhea, Iapetus, and Titan, together with 16 asteroids, have been observed at 0.56, 1 .65, and 2.2 fx . Preliminary results indicate that Rhea has a
reflectance of approximately 0.5 to 0.7
at 1.65 and 2.2 \x relative to its reflectance at 0.56 [x. This low reflectance is
strong evidence for a surface covered by
frost. The dark side of Iapetus was detected at 2.2 fi , which indicates that its
reflectance may be greater than ~ 1.4,
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making it unusually red. This observa- these one can pick out red stars later
tion appears to rule out the possibility of than K5 that will be candidates for
explaining its low albedo by carbonace- membership in the cluster. These stars
ous chondritic-type material. The include many which are too faint to be
2.5-meter telescope was used to obtain discerned by low-dispersion objectiveseveral high resolution scans of Vesta prism techniques. The resulting finding
in the deep absorption band centered list of likely faint candidates for cluster
near 9500 A. Its shape and central membership can be studied later by
wavelength should give information on photoelectric and by image-tube specpossible surface compositions for this troscopic techniques. In addition to the
unusual asteroid. Ceres and Pallas photographic photometry with the
have been reobserved, with confirma- Palomar Schmidt, some preliminary
tion of earlier determinations that the photoelectric photometry was begun
spectral reflectances of these objects with the S-20 photometer attached to
remain flat out to at least 2.2 fx and are the Palomar 1.5-meter reflector. Besimilar to laboratory measurements of sides the Pleiades work, two plates were
carbonaceous chondritic meteorites, obtained for ongoing programs conThe observers have found that other as- nected with the Palomar supernova
teroids are quite red at these search and two others for the observawavelengths with reflectances increas- tional campaign to study comet
ing up to ~ 2 at 2.2 /jl . For the first time Kohoutek (1973f).
there is some indication of the large The 1.5-meter telescope on Mount
range in infrared colors shown by dif- Wilson was used by Dr. Thomas B.
ferent asteroids. Johnson, Dr. A. F. H. McCord of the Massachusetts Institute
Goetz, and Matson used the Mount Wil- of Technology with the MIT silicon vidison 1.5-meter telescope to observe the con imaging camera to image Jupiter
Apollo 17 landing site with a new Sili- and the moon through narrowband incon Imaging Photometer (SIP). Pictures terference filters. The purpose was to
were obtained through four 100 to 200 A map CH4 absorption variations and
bandpasses chosen to distinguish general color differences across the disk
known lunar spectral curve types. After of Jupiter and to map color differences
flat field corrections (i.e., normalization related to surface mineralogy differof pixel gain) were made, the data were ences across the lunar surface. The
displayed as a false color print with the lunar images are being incorporated
intensity of each of the primary colors into a color-difference map of the moon.
controlled by a different ratio among The Jupiter images are still being
the filters. First results are in excellent analyzed and will not be published until
agreement with data for this locality a second run is made in the summer of
taken independently by other obser- 1974. The 2.5-meter telescope was used
vers.
in January 1974 with the MIT dualDr. M. F. McCarthy, S. J., of the Vati- beam filter photometer to obtain speccan Observatory, continued his work on tral energy distributions (0.3- 1 . 1 /i ) for
the faint end of the main sequence of the Pluto. These spectra are reduced and
Pleiades cluster by means of photo- will be combined with earlier data for
graphic observations
in four colors publication.
(BVRI) with the Palomar
1.2-meter Observations of wide visual binaries
Schmidt. In addition to single-image
plates obtained with the regular platefilter combinations for these four colors,
a series of double-image plates exposed
through GG 13 and then through RG 8
filters on a I-N plate was obtained. On

(s > 10") with secondaries and primaries in the spectral type interval
A0-G0 have been made in the UVB Yf3
photometric
system
by Dr. D. H.
McNamara of Brigham Young University with the Mount Wilson 1.5-meter
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livtelescope.
The observational data were
secured to (1) test the theory of stellar
evolution for intermediate-mass stars,
and (2) improve the calibration of Mv —
RACi). Spectrograms were obtained of
dwarf Cepheids and strong-line RR
Lyrae variables with the Varo image
tube at the 2.5-meter telescope at
Mount Wilson. The purpose of this investigation was to study the behavior of
the lithium line at X 6707.931. Lithium
is definitely present in the longer period
dwarf Cepheids, but apparently absent
in the shorter period metal-poor objects.
There is also no indication of the presence of this line in the spectra of two
strong-line RR Lyrae variables that
were observed.
Dr. \Y. \V. Morgan of the Yerkes Observatory, while holding an appointment as Research Associate of the Hale
Observatories, carried out a survey over
approximately 2000 square degrees in
high galactic latitudes on the plates of
the National Geographic Society -Pa lomar Observatory Sky Survey for the purpose of cataloging and
describing clusters of galaxies too weak
for inclusion in the Abell catalog. A
number of interesting clusterings were
found; these include one or more of the
following types: (1) an apparent supergiant D galaxy associated with a
number of lenticulars or spirals, all of
which are of similar dimensions and far
smaller than the supergiant galaxy;
'2) a small group containing a dumbbell <db); (3) weak clusterings of spirals
of closely similar dimensions; (4) weak
clusterings of ellipticals, with or without accompanying spirals. This new
material makes possible a revision of
the galaxy form-types for images containing 20-100 picture elements and
permits a far more sensitive morphology to be constructed for clusterings
made up of such images. The weak clusterings cataloged reflect the distribution of form types found in Abell's rich
clusters.

Further tests of a digital image tube
with 256 / 256 picture elements were
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made at Palomar during November
1973 by Dr. D. C. Morton of Princeton
University. The system is capable of detecting and recording discrete photoelectron events, but analysis of the observations has shown that the present
camera tube falls short of expected performance. The quantum efficiency of
the first cathode is only about 4% and
the noise from pixel to pixel is considerably greater than N1'2 , as expected from
the counting statistics. The extra noise
is due to irregularities in the target
gain, to multiple counting of events resulting from splits between two raster
lines, and to the readout beam not discharging the target in a single scan.
The Ha emission profile in X Persei is
known to vary in intensity on the same
fairly rapid time scales as the x-ray
source 3U 0352+30 with which it has
been tentatively identified. Dr. Paul
Murdin of the Royal Greenwich Observatory observed the Ha profile simultaneously with the x-ray experiment on
the Copernicus satellite for four nights
in February. No major x-ray events occurred in this time although both the
profile and the x-ray source were somewhat variable. Further analysis is proceeding to see if the variations correlate.
Dr. Valdar Oinas of the University of
Nebraska used the 1.5-meter telescope
at Mount Wilson to obtain scans of a few
strong-lined F stars. These are being
used in a program of stellar abundance
studies. In addition, scans were obtained ofa Be star (HD 44179) with an
infrared excess in order to study the
properties of the circumstellar material
around this type of star.
Dr. M. V. Penston of the Royal
Greenwich Observatory carried out a
program of infrared photometry of faint
stars in the Orion Nebula cluster, using
the Mount Wilson 2.5-meter telescope.
The results when combined with optical
data show that the infrared excesses of
contracting stars in the cluster correlate better with mass than age and that
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they are very well correlated with the proceeding and results for NGC 7027
range of optical variability. The chance are nearly completed,
discovery during this program of an in- Dr. Dieter Reimers of the University
frared star with no optical counterpart of Kiel obtained blue and red highwas followed up by members of the Hale dispersion spectra of 7 late F dwarfs Q4
Observatories' infrared group and re- Bootis, (3 Canum Venaticorum, 9
vealed the existence of a previously un- Comae Berenices, A Serpentis, o
known infrared and molecular complex Aquarii, \ Herculis, and 15 Pegasi).
about 12 arc minutes north of the These stars cover a range of metal
Trapezium. Penston also took two-color abundances of a factor of about 10. The
and deep Illa-J plates of new 5C fields spectra will be used for a calibration of
with the 1.2-meter Schmidt on Palomar narrow-band indices (e.g., Stromgren)
Mountain.
in terms of metal abundances. Model
Identifications await the completion atmosphere analyses of the spectra are
of the radio surveys. Plates were also under way in Kiel. High-dispersion
taken of the fields of the x-ray source 3U spectra of HR 8799, an F0 dwarf that
0614+09 and of a high frequency radio seems to be metal deficient, of a]
source, 2005 + 40. In both cases the dis- Canum Venaticorum, and of the Ba star
covery of faint variable stars provides 16 Serpentis were also secured,
good candidate identifications. With the advice of O. C. Wilson,
Dr. S. Eric Persson and Dr. Jay A. Reimers measured velocities and
Frogel of the Harvard College Obser- strengths of circumstellar absorption
vatory concluded their spec- lines (mainly of Ca II, H, and K) in
trophotometric study of northern H II about 120 G, K, and M giants and superregions known to be infrared sources giants. Plates used in the study were
and of compact emission-line objects be- taken largely by Wilson and Deutsch.
lieved to be young planetary nebulae. He found that several if not all early
Among the latter objects, they have ob- M giants (e.g., SOphiuchi, /3Andromeserved NGC 6790, 6833, Vy 1-1, Hb 12, dae, i^Virginis) have H3 and K3 lines
Ml-4, M2-9, VV8, and IC 5117, in addi- that are variable on a time scale of sevtion to the ones noted in the 1972-1973 eral years.
Annual Report (Year Book 72, p. 146). Both strengths and velocities vary in
In many of these objects the Balmar the sense that one star maps part of
decrement is affected by both optical Deutsch's relation between K3
depth effects and collisional excitation, strengths and velocities for M giants.
In most cases the continuous emission The simple explanation of this
from 3600 to 10,000 A can be fitted by phenomenon is as follows: The inner
atomic recombination emission plus part of the circumstellar envelope (up to
blue-star light. For some objects, how- 10 to 50 stellar radii) of a typical M0
ever, namely, HBV 475, VV8, andMHa giant has doubly ionized Ca. This dou328-116, a late-type star is required bly ionized region contracts toward the
also. The electron density derived from star in later M types, making K3
forbidden-line ratios is a strong func- stronger. This contraction of the
tion both of the ion and ionization po- Stromgren sphere of Ca II in an entential and can be as high as 108 cm-3 . velope in which the expansion velocity
Several points were measured in NGC increases from —10 km s~! in the
7538, an H II region containing several chromosphere to ~ 25 km s~ l in the encompact radio and infrared sources. As velope is the main reason for Deutsch's
for K3-50 and Sh228, there is, even in a relation. The variability of K3 and H3
small aperture, material with a sig- velocities and strengths in M giants is
nificant range of extinction. Analysis of thus due to variations of the second
multichannel data obtained in 1972 is ionization of Ca caused by variations of
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the extreme ultraviolet \EUV) intensity shortward of - 1000 A. These variations, which could be due to stellar cycles similar to those found in dwarfs by
Wilson, cause a contraction or expansion o( the Stromgren sphere of Ca II.
Probably the K;- variability offers a
simple tool to study stellar cycles in
giants.
Dr. G. Rieke and Dr. F. J. Low of the
University of Arizona are collaborating
with the infrared group at the Hale Observatories tomake 350 jjl observations
with the 5-meter Hale Telescope. Because of marginal weather conditions,
no observations have yet been obtained.
The attempt by Dr. W. L. Sanders of
New Mexico State University to obtain
luminosity classifications of Be stars
with the Mount Wilson 2.5-meter telescope was thwarted by bad weather. He
intends to switch to the Stromgren
four-color technique in future work.
Dr. K. Serkowski of the University of
Arizona used the Palomar 1.5-meter
telescope for ten nights in July 1973 to
observe interstellar circular polarization. A manually rotatable quarterwave plate was followed by a rapidly
rotated achromatic halfwave plate in
front of a Wollaston prism. A red Schott
RG8 filter 1.5 mm thick and a pair of SI
photomultipliers were used. The observations were reduced at the telescope by
the Nova computer. The following results were obtained (sign convention
adopted at the International Astronomical Union Colloquium No. 23 -0is.4 used):
Star
i/, Sco AB
o Sco
HD 147889
HD 183143
PCyg
VI Cyg ' 5
VI
'12
HD Cyg
204827

-1.8
104q (m.e.)
+ 1.4
-1.8
+ -16.0.3
-05..03

0.5
0.4
1.1
0.8
1.2
1.2
0.9
1.1

The values for the last two stars are the
largest (absolute value) found up to the
present for interstellar circular polarization. Preliminary measurements of
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HD 204827 in blue and ultraviolet spectral regions suggest that circular
polarization changes sign around
wavelength 0.4 fi , as is expected from
the exceptionally low wavelength \max
= 0.46 /j. of maximum linear polarization for this star.
The search program for new ApolloAmor asteroids was continued by Dr.
Eugene M. Shoemaker and Mrs.
Eleanor Helin, using the 46-cm
Schmidt telescope at Palomar Mountain; 485 photographs representing 247
independent fields were obtained. Six
new asteroids were discovered during
this period: 1973 NA, 1973 QA, 1973
SA, 1973 SB, 1973 WB, and 1974 KA.
The most extraordinary discovery is
1973 NA, an Apollo asteroid with exceptional orbital elements. Its inclination of 68° is the highest yet discovered.
The other new asteroids cross the orbit
of Mars or are Hungaria-type asteroids.
It is possible that these are potential
future Apollo asteroids. The discovery
rate has essentially confirmed the predicted flux of these objects. A set of prediscovery observations was made of
Comet 1973n (Comet Gehrels).
Dr. R. W. Shorthill of the University
of Utah and Dr. T. F. Greene of Boeing
Aerospace Company and the University
of Washington continued their study of
the satellites and atmosphere of Jupiter. At some zenographic locations on
Jupiter the upper atmosphere (101 8
particle/cc level) aerosol particles are
less than 1/4 /x in diameter and well
stratified above the lower clouds. One
eclipse observation probed the Great
Red Spot. The light curve indicates that
the Great Red Spot does not penetrate
above the 1019 particle/cc level as an
opaque cloud mass. One partial occupation of Europa by Io was observed.
Europa was found to have extremely
bright material near the polar regions
and darker, redder material at lower
latitudes.
Dr. Raymond N. Smartt of the University of Massachusetts has investigated the possible application of the
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Point-Diffraction Interferometer (R. N.
Smartt and J. Strong, "PointDiffraction Interferometer," J. Opt. Soc.
Am., 62, 737A, 1972; R. N. Smartt,
"Telescope Test Using the PointDiffraction Interferometer," J. Opt. Soc.
Am., 64, 558A, 1974) to test an astronomical telescope under operating
conditions, using a stellar source. The
interference pattern provides a direct
quantitative measure of the wavefront
aberrations. The test was carried out on
the Palomar 1.5-meter telescope at the
Cassegrain focus. Under conditions of
moderately good seeing, with the telescope set on a zero magnitude star, it
was found to be a simple procedure to
establish an interference pattern, the
fringes marked by high visibility. Interferograms recorded photographically
were blurred because of image movement, and a quantitative wavefront
error analysis was not possible. An
image intensification recording system
is therefore considered mandatory. In
all other respects the test proved to be a
simple, straightforward procedure.
Dr. H. Spinrad of the University of
California at Berkeley and Dr. J. Ostriker of Princeton University obtained
several deep red- and green-region direct photographs of the edge-on spiral,
NGC 4565, with the 1.2-meter Schmidt.
The photos were obtained to search for a
possible extended halo, as suggested by
Ostriker and Peebles from dynamical
considerations. First reductions and
tracings of the best seven plates of N
4565 suggest a faint, somewhat flattened halo of considerable extent, which
is best visible at long wavelengths.
Dr. Sidney van den Bergh of the
David Dunlap Observatory continued
his program on bright variable stars in
galaxies of the Local Group with the
1.2-meter Schmidt. Blinking of plates of
M33 obtained in this program and supplemented by material provided by
Kowal yielded 49 bright variables. Ten
of these had been found previously by
Hubble. Nine Hubble variables were
not recovered. These bright variables
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are strongly concentrated in spiral
arms and major associations. All three
of the dwarf spheroidal companions to
the Andromeda Nebula have been resolved with the 5-meter Hale Telescope.
Resolution occurs at approximately the
same magnitude level as it does in NGC
185. A search in a 700-square-degree
area with the 1.2-meter Schmidt revealed no additional dwarf spheroidals
near M31. Using the 5-meter telescope
plates, a color-magnitude diagram
down to V — 20 has been obtained in a
low-absorption window at I = 0°, b =
— 8°. This color magnitude diagram
shows the following: (1) Red giants of
Population II suddenly appear in large
numbers at V - 13.3. (2) A distinct
stratification effect occurs in the central
region of the Galaxy. Metal-rich red
giants are found to be much more com\z\. — 0.6 kpc than they are at \z\
- 1.3mon atkpc
Inspection of Hale Telescope plates of
the field at I = 0, b = — 8° shows a sheet
of faint stars near the plate limit. These
stars have been tentatively identified
as main-sequence stars in the nuclear
bulge of the Galaxy. This identification
yields a distance of 9.0 ± 2.0 kpc to the
nuclear bulge.
An [ S III interference filter has been
used by van den Bergh at the prime
focus of the 5-meter telescope to photograph the remnant of Cassiopeia A
down to fainter light levels than had
previously been possible in broadband
work. In the light of [S II] X k 6717,
6731, Cas A is seen to consist of a faint
diffuse shell on which crisp, bright
knots of rapidly moving nebulosity are
superposed. Nebulosity in which [O
III] is much brighter than [S II] is distributed differently from that in
which the [O III] to [S II] ratio is
more nearly normal. The knots in which
[O III] is unusually strong appear
to outline long, shortlived filaments.
A study was done by Dr. Joan Vorpahl of Sacramento City College and
Tatsuo Takakura on the hard x-ray
component in the impulsive phase of
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solar flares. In 36 randomly chosen
events, the value for the slope in differential electron power spectrum, E~
electrons cm"2s"lkeV"1 , was related to
the 20-32 keV spike rise-time {e folding^ as /Vist = 056 exp (0.88 6) in the thin
target model and tT]M> =0.10 exp (0.88 8)
in the thick target picture. In the thin
target model, the above empirical relation would imply that the acceleration
of electrons can last longer when the
acceleration rate is smaller. An alternative interpretation would be that an
impulsive hard x-ray burst is a superposition of two components
emitted
from thin and thick targets; when the
former predominates, the duration is
longer and the photon spectral index is
larger, and vice versa.
Dr. G. Wallerstein of the University
of Washington
has obtained
highdispersion spectra of 12 stars in the direction of the Monoceros Loop, a suspected supernova remnant. The data
have been combined with spectra of four
additional stars observed at the Mauna
Kea Observatory. Interstellar lines are
found at five different velocities. The
strongest features have velocities near
either ^4 or +9 km s_1 (with respect to
the local standard of rest) and correspond to observed hydrogen features at
21 cm. Components at +69, —11, and
-31 kms"1 do not correspond to 21-cm
emission. The two high-velocity compoPHOTOGRAPHIC
Miller has continued the longstanding policy of close cooperation
with Eastman Kodak Company in
planning and field testing new photographic emulsions specifically designed
for astronomical use. The introduction
several years ago of the Illa-J plate with
its superior detective quantum efficiency gave astronomers a powerful
new tool for work in the blue region of
the spectrum. Miller believed that a red
counterpart would be equally useful,
and prevailed upon the Kodak Research
Laboratories to undertake the produc-
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nents may be interpreted as gas moving
outward at 50 km s_1 from the I Mon
association, whose stellar velocity is
near +25 km s~' . Fifty km s_1 is near
the upper limit for the expansion velocity of an H II region into a vacuum, so
the identification of the Monoceros Loop
as a supernova remnant is uncertain.
Observations of stars closer than the I
Mon association will be obtained to differentiate the foreground gas. This research is continuing in cooperation with
Dr. Theodor Jacobsen of the University
of Washington and Dr. Joseph Silk of
Berkeley.
Dr. R. L. Younkin of the Jet Propulsion Laboratory used the Mount Wilson
1.5-meter
reflector and Cassegrain
scanner to supplement his published
spectrophotometric
measurements
of
Titan {Icarus, 21, 219, 1974). The new
measurements covered the 0.32 to 0.50
fx region for the first time, and it will
permit more accurate computation of
the bolometric spherical albedo and effective temperature of the satellite. A
search is being made for possible time
variations of the as yet unidentified
broad absorption of Titan from 1.02 to
1.04 /it. Further measurements of the
strong near-infrared methane bands of
Uranus were also carried out in continuation of the program of monitoring
these
bands
over
an
aspect-angle
period.
LABORATORY
tion of such an emulsion. The resulting
plate is tentatively designated by its
experimental number 127-02, and has
nowpassedlaboratoryandfieldtests.lt
performs excellently in direct photography of faint red objects, but has certain deficiencies when applied to spectroscopy. At Miller's request, efforts
were made to improve the emulsion for
spectrographic use, and the first sampies are in the photo lab for preliminary
testing, to be followed by field tests in
the near future at Mount Wilson or
Palomar.
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Experiments with nitrogen-baking of to their particular problems. Mr. Wilphotographic plates to improve their ef- liam Schoening of the Kitt Peak Naficiency at long exposure times, re- tional Observatory spent several days
ported in Year Book 71 (p. 707) and Year on three occasions working with Miller
Book 72 (p. 152), resulted in techniques on photographic problems of mutual inthat have been widely adopted by the terest and sharing results of their indestaff in their photographic observa- pendent researches,
tions. During the past year, attention Many letters were received during
has been given to refining the equip- the year from observatories around the
ment to make the process efficient and world seeking assistance with their
simple. Existing plate-baking ovens in photographic
problems.
Miller
has
the photo laboratories on Mount Wilson shared with them the extensive files of
and at Palomar are being converted to experimental results, the thousands of
the nitrogen
system,
and
similar routine emulsion speed tests, and the
equipment is being prepared for ship- library of reprints of published material
ment to Las Campanas. Provision is on all aspects of photography that he
being made not only to bake plates but has collected.
also to store baked plates in nitrogen to Routine tests of all plate shipments
preserve them in their hypersensitized destined for use on Mount Wilson and
condition for several weeks
in the Palomar have been continued and the
refrigerator.
results posted at the two observatories
With the advent of several new for use by observers. Special tests have
Ritchey-Chretien-type telescopes, such been made as requested by observers to
as the Palomar 1.5-meter, Las Cam- solve specific problems,
panas 1-meter, and du Pont 2.5-meter, The old plate-storage vault on Mount
all with F/7 and F/8 optics, exposure Wilson was replaced by a modern retimes to reach sky limit are of such du- frigerator in a more accessible location.
ration that hypersensitizing techniques It maintains stock plates at 40° F and
must be applied to reduce exposure 40% relative humidity,
times to reasonable values. Nitrogen- Miller has continued to advise repbaking is one of the most beneficial and resentatives of the sky survey projects
easiest to apply.
of the European Southern Observatory
The plate-salvage program reported in Chile and in Switzerland on experilast year is continuing as rapidly as pos- ence gained in taking and reproducing
sible. Scott Grant is performing the the
plates
for
the
National
chemical treatment for removing the Geographic -Palomar Observatory Sky
brown stain that has formed on many Survey and on the results of subsequent
negatives now 30 to 70 years old. This experiments with improved methods
work must be done with utmost care to and materials. He plans a further visit
avoid damage to irreplaceable origi- to the ESO Sky Atlas Laboratories in
nals. To date, more than 3000 plates Geneva.
have been treated and returned to the In cooperation with Miller, Bedke has
files; several thousand
still await perfected and put into production a
treatment.
method for printing color negatives,
The Photo Lab continues its practice using three primary-color filters rather
of advising staff, guest investigators, than the usual subtr active color filter
and visitors on technical photographic system. The result is better color rendiproblems. Representatives of several tion and easier control of color balance,
observatories visited the laboratory for Color prints and enlargements are now
periods ranging from half a day to sev- used much more widely by the Obsereral days to gather information relating vatories than ever before.
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The 2.5-meter telescope, with the ex- week. Thus far, all polishing has been
ception of the optics and the final con- done with rotational symmetry around
trol system,
was
erected
at the the axis of the mirror, a technique that
contractor's
assembly
plant in Los has helped to preserve the unusually
Angeles. An open-house
operational symmetrical mirror figure arrived at
demonstration was given by the man- when it was at spherical stage early in
ufacturer on May 2, 1974. Assembly ad- 1972.
justments and recording of test data As a precaution against possible efwere largely completed by the end of fects of the polishing table mirror supMay, with certain additions or correc- port system, the actual mirror cell of the
tions to be made during dismantling telescope was moved from Los Angeles
and preparation for shipment to Chile, to Tucson and employed for tests of the
Under the direction of Rule as Project mirror in October 1973. It remained at
Officer, data have been compiled on OSC to be used for final acceptance tests
alignment, tube and fork deflections, at the end of the work,
vibrational periods, loads, torques, and By June 1974, the image concentrabearing performance of all essential tion, as revealed by (single) Hartmann
components, including the polar axis, tests, has improved to about 85% inside
declination bearings, tube counter- one-halfarc second, and over 50% inside
weights, correctoriens mount, flip-cage one-quarter arc second diameter, which
and focus, mirror covers, and coude flat is equivalent to the best performance of
drive unit. The contractors are complet- the best previously existing large miring up-dated drawings, shop-assembly rors. Hartmann, knife-edge, and
notes, and assembly jigs. A sky-shield phase-contrast tests indicate that over
arrangement for the Cassegrain has most of the mirror's radius the average
been adopted which has two shield radial figure deviates by less than A. /30
cylinders for fields up to 30 cm in diame- from the design surface. Nonsymmetriter and three cylinders — the center one cal lumpiness of peak-to-valley amplisuspended between the primary and tude X /3 is shown by Hartmann tests,
secondary mirrors — for fields up to 48 but the slopes are small enough to be
cm.
generally negligible. The tests, as of
The mirror aluminizing tank with June 1974, indicated that a significant
vacuum equipment was completed in gain in performance (up to 92% conDecember 1973 and tested at the centration within one-half arc second)
manufacturer's plant near Boston be- could be expected to result from further
fore it was shipped to Las Campanas. work at only the outermost edge of the
2.5-meter mirror. Plans for such work
Optics
were under consideration when this report was prepared.
The process of figuring the 100-inch In preparation for figuring the aprimary mirror was pursued through- spheric surface of the Bowen-Gascoigne
out the past year by Mr. Don Loomis at corrector, a spherical test mirror was
the Optical Sciences Center (OSC) of completed in Pasadena (using the blank
the University of Arizona, with testing of fused silica that came originally from
under the direction of Vaughan. Be- the "hole" of the primary mirror). A
cause of the great effort involved in ob- vibration-isolated test bed designed by
taining and analyzing test data, the Fair and Kelderman for supporting this
work since January 1974 progressed at mirror, the corrector, and related test
an average rate of about one polishing equipment was also completed. Actual
run, of a few minutes duration, per polishing of the aspheric corrector is ex-
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pected to begin during the summer of
Auxiliary Instruments
1974. Work continued at Loomis CusThe auxiliary instrument working
tom Optics on figuring of the telescope
secondary mirrors, with highest prior- groups under the general direction of
ity on the f/7.5 Cassegrain secondary.
Oke reviewed the essential du Pont
Telescope
instrument
specifications
Control System
and approved the designs and construcThe requirements for telescope contion of specific initial instruments. A
trol and data collection were reviewed
in detail by a staff committee chaired by full-size overhead suspended wooden
was set up, replicating the botNeugebauer. Following several discus- mockup
tom
telescope
cell and Cassegrain ring
sions, an automatic control system was
designed by Fridenberg in consultation mount for staff and technical examinations of the operation of guiders, clearwith Westphal and Kristian. The sysances, and general access, with dummy
tem takes advantage of recent advances
in microcomputer technology and is in- wood models of the various attached instruments. Head room and other ditended to be as simple, as reliable, and
mensions
were established. The cell
as easy to maintain as possible. It will
generate and display civil and sidereal mirror-lift jacks were revised to reduce
interference
around
the
time and telescope position and will au- head-room
tomatically control telescope tracking ring. The instruments are of such size
and motions of the dome, the and weight as to require special dewindscreen, and the coude flat mirror.
fining clamps and carts with easy
This coude mirror drive must be precise handling and lift attachments. Requirements were determined for observer acand continuous to compensate for telecess to the telescope Cassegrain station
scope motion when the unique threemirror coude system is used.
for all telescope positions. A design was
Individual commands and status data made for modification of the existing
will be transmitted on dedicated cables, manual Cassegrain ring rotation to a
in order to minimize the interdepensystem with readout posidence ofdifferent functions. Each of the motorized
tion.
cables will be accessible for input or
Substantial fabrication progress was
output at several locations on the teleaccomplished on the Cassegrain mount
scope and elsewhere in the dome.
base and direct-photo plate systems.
Motor controllers will be designed
The mount base and optical arrangewith microcomputers that use proment (Oke/Vaughan) were adopted folgrammable read-only memories. With
lowing several staff consultations. The
this approach, the hardware for different controllers can be made identical
whole X- Y guider mechanism and readout, being designed by C. L. Friswold,
and interchangeable, with detailed difare
removable
for alternate use on the
ferences being taken account of in the
infrared spectrometer mount. The X-Y
programming of the read-only memory,
which can be easily changed.
guider is 60% complete, with good perMore complicated arithmetic,
formance on cross screws. The imagetube
spectrograph
(Searle/Brucato) is
monitoring, and control, as well as operations that involve interaction with
being constructed by Boiler & Chivens.
The entire Cassegrain mounting base
the astronomer or night assistant, will
be handled by one of the new generation
with suitable adapters is designed to
accommodate
a broadband photometer,
of programmable desk-top calculators,
interfaced with the control system. A
large direct image tubes, or any future
second calculator will be available for
instruments requiring fields up to 10
data collection and instrument control.
cm in diameter. The base and transfer
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optics
incorporate
two
television
cameras for remote operation of the
monitoring system.
The large-field direct-plate holders
and mount arrangement for the Cassegrain assembly are largely designed
(Friswold), components ordered, and
fabrication started. The holder system
wit h filter, dark slide, and loading requirements was accepted for working
specifications by July 1973 (Sandage).

separate X-Y slides, each with a range
of 15 x 30 cm, with motorized drives
and setting encoders or manual control
plus the capability of fine compensation
for field rotation. A side insert for all
plate sizes allows the position indexing
of a calibrated projection sensitometer
(adapted from a Kitt Peak National Observatory design) for densitometer
calibration on the side of each plate,
Provision is made for an automatic

Following reviews of reports, "Bending
Large Square Glass Plates." and the resuiting
vacuum-bending
proposal
i Rule1, it was concluded that the 51-cm
120-inch » and 35. 6-cm 114-inch) square
plates require only darkroom loading
into the holder on a dolly carriage rolled
to the telescope to be automatically
lifted to the mount, where a simple vacuum connection takes care of the plate
bending to the focal radius. Adapters
provide for other plate sizes from 16 cm,
25.4 cm. and 5x7 inches.
The guider optics consists of two

guider, and optical details are arranged
to permit a future TV guider to be
added.
Proposals for the coude spectrograph
instrumentation
were reviewed
(H.
Kelderman,
A. Vaughan)
for future
planning. Sufficient engineering of the
base frame structure and the du Pont
dome coude annex foundations and services was completed in time to incorporate these necessary facilities with the
coude
observing
station,
platform
walks, and service connections into the
site building program.

LAS

CAMPANAS

The 1-meter telescope was scheduled
for a total of 247 nights during the dark
runs. The number of complete nights
actually used for observations was 177
and the number of partial nights was
42. Weather conditions resulted in the
loss of 28 nights; one night was lost because of technical problems. Total rainfall at Las Campanas was 14 millimeters, and snowTall amounted to 370 millimeters.
Members of the scientific staff who
observed at Las Campanas during the
report year wrere Babcock,
Becklin,
Borra. Brucato, Kristian, Neugebauer,
Sandage,
Searle,
Visvanathan,
Westphal, and Zappala. The following
paragraphs give brief reports of the
work of guest investigators who observed with the 1-meter telescope.
Dr. I. J. Danziger of the European
Southern Observatory completed tencolor photometric observations of 20 red
globular clusters in the Large Magel-

OBSERVATORY
lanic Cloud. This, combined with previous work, will be used to study the
range of metal content in the Population II component of the LMC and its
dependence upon position.
Dr. Jay A. Frogel and Dr. S. Eric
Persson of the Harvard College Observatory completed the first part of their
infrared study of southern compact H II
regions (Astrophys. J., 1974, in press),
In addition to the results noted in Year
Book 72 (p. 150), they found for the 13
regions observed:
(1) that the dust
which radiates in the 10-20 /x region is
well mixed with the ionized gas, and
that for this dust there is a lower limit to
the ratio M(H II)/M(dust), which, for a
reasonable choice of physical parameters, is higher than the interstellar
value; (2) that the optical depth of a 10
/x absorption feature usually associated
with
silicates
correlates
with
the
amount of formaldehyde absorption as
determined from radio measurements,
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but not with the visual extinction. They
attribute the radio and the 10 /x absorption features to cool dust and molecules
in circumnebular neutral clouds.
During a two-week observing run in
May 1974, Frogel and Persson began a
more detailed study of absorption features in the 3.1, 10, and 20 /x spectral
regions with A a /a < 0.1. Preliminary
analysis of the 10 /x measurements confirmed the correlation noted above and
extended the results to objects with very
deep absorption features. In addition,
they continued their search for infrared
sources associated with OH, H20, and
continuum radio emission sources with
the following results: (1) A bright
[Fv(20n) = 10-23 Wm-2 Hz-1! compact
K4") source was found associated with
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reflection effect. The estimated distance
to Cen X-3 is about 8 kpc. The massive
x-ray binaries HD 153919 = 3U
1700-37 and Sanduleak 160 = 3U
0115-73 were observed frequently,
using UBV or a 4686/continuum interference filters to see the long-term behavior of the light and color curves.
These will be compared with the x-ray
data. In addition, UBV observations
were carried out on about ten early-type
stars located close to the 3U catalog positions of variable x-ray sources which so
far have not been identified with optical
objects. A tentative identification of GX
354 + 0 with CD — 33 lzll9, an extremely heavily reddened A-type
supergiant, was made (Int. Astron.
U™n Circular No 2569). A dozen

high- white o^warfs white-dwarf candidates
(2) Extended
284.2-0.8.
OH
Lowe11
chosen f™m the surveys
arfs proper-motion
an^ subdw
on •at. 10
surface-brign htness
OA
j * emissi
u
j and
.,i and
Luyten
20
ix was
with
, J
, in
. the
K
T7DTr m• order \to
UBV
were observed
j
x» associated
r mi • to be
n ^ round
^orTi
G291.6—
0.5. This infrared
emission
is
j , , ,.
u variability,
. u-, ..
light
, detect
. .
TT
.,,.,,,
coincident with strong Ha emissionand Dr E w MiUer of the
University of
forms an arc around the extremely Arizona has taken many direct plates
young, compact cluster NGC 3603. witn the 1.0-meter telescope to deter(3) Extended 10 and 20 /x emission of mine how well photographic magmoderate surface brightness was found nitudes compare with those derived
to be associated with RCW 122 from Cerro Tololo Inter-American Ob(G348.7-1.0) and with G337.9-0.5. servatory 1.5-meter telescope plates.
The latter object has regions that ex- The results are impressive; irishibit a significant range in 10-20 /n photometry measurements of the plates
are very consistent.
color temperature.
Dr. W. Krzeminski of the Institute of Dr. Vera C. Rubin of the Department
Astronomy in Warsaw has used the of Terrestrial Magnetism, Carnegie In1. 0-meter telescope to study x-ray bi- stitution of Washington, used the Las
nary stars. The optical component of the Campanas 1.0-meter telescope for
pulsating binary x-ray source Centau- seven nights in August 1973. Dr. Rubin
rus X-3 is identified with a faint, (V) = made use of the Carnegie image-tube
13.35, heavily reddened variable star camera to obtain photographs of southlying slightly outside the third Uhuru ern Sc I galaxies 14.0 =s m *s 15.0 in
catalog error box. It shows a double- order to derive more accurate luminospeaked light curve with an amplitude of ity classifications for the galaxies. This
about 0.12 mag, which agrees in both is part of a program being carried out by
period and phase with the x-ray data. Rubin and Dr. W. Kent Ford, Jr., to
The shallower and slightly bluer study the distribution of radial veminimum coincides in time with the locities of an all-sky sample of 14th
x-ray pulsar eclipse. Interpretation of magnitude Sc I galaxies. Rubin also
the light curve leads to the conclusion used the same telescope plus imagethat the contribution from gravity dark- tube camera to obtain narrowband filening dominates to a large extent the ter photographs of two southern chains
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Chilean nationality, not only supported
scientific operations but provided indispensable assistance in the work of
dome construction and other phases of
site development. The Observatory
provided and maintained the heavy
equipment required by the contractor
for erection of the dome. All prefabricated components and construction
4406
5007 "and
AdO NGC
III] ), 7293
6300 Ain I OtheII .light
6563 of
A materials required for dome construction except cement were shipped from
(Ha + I N II] ), and 6717 and 6731 A
([S II] ). The latter planetary, nick- the United States, off-loaded at the port
of Coquimbo, and trucked to the mounnamed "the Helix" for its distribution
tain by Observatory personnel.
in the light of [ N II] and Hot, appears in
the light of [ O I] to be best represented
By July 1, 1974, the contractor had
by two rings rather than a true helical completed basic construction of the
structure. A comparison of [ O I] and dome of the du Pont Telescope. All con[O III] photographs for this object
crete with the exception of the observing floor had been poured, the rotating
shows radial complementary structure,
implying large changes in optical steel dome had been erected, and interior finishing operations were well
depth within the outer filamentary
underway.
For this work, the contractor
region.
The 61-cm telescope operated by the employed a group of 40 to 50 men who
University of Toronto was in regular were housed on the mountain.
Construction of three dormitory units
use throughout the year.
of the new lodge, each with four bedrooms, was likewise well advanced. The
Site Development
new warehouse was completed and the
The Observatory group of 13 salaried
new 300-kw diesel generator went into
employees
and 27 workmen,
all of operation.
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A unique feature of the Geophysical
Laboratory staff is its ability to focus its
broad talents on specific problems. This
year one group became infected with enthusiasm about problems of the effect of
volatiles on magmas, the element chromium captured the interests of another
group, and still another group was attracted bythe mechanisms of diffusion in
minerals. The efforts put into specific
problems waxed or waned as each man
uncovered a new lead or was diverted by
the excitement in another area. This has
indeed been a period of achievement in
these special areas.
The search for chromium in the future
will be aided by principles provided especially by Irvine, who produced a comprehensive analysis of the conditions under which chromite, the chief ore mineral, isconcentrated in layered intrusions.
Contamination of a basic magma by
granophyric roof rocks appears to have
changed the composition of magma so
that its primary liquidus phase became
chromite. Arculus and his colleagues provided fundamental data on distribution
coefficients of chrome-bearing spinels and
common silicates. The great variation in
chromium content of spinels can now be
related to the small variations in coexisting silicates. The integration of these field
and laboratory studies has yielded significant practical benefits.
A major concept evolved assigning C02
a significant role in the fractionation of
magma toward silica-undersaturated
compositions. Eggler carried out the first
experiments on the melting of simple peridotite systems, containing minerals
important in the mantle, in the presence
of C02. The solubility measurements of
C02 in magma, refined by a new technique devised by Eggler, My sen, and
Seitz, indicate substantial effects on
magma trends. The important link between carbonatitic and highly silica-
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undersaturated igneous rocks, long appreciated from field studies, can now be
demonstrated by the solution of C02 in
silicate melts.
The famous equilibrium diagrams of
common rock-forming oxides produced
by the Geophysical Laboratory are being
supplemented by studies of nonequilibrium and irreversible processes, such as
kinetics and diffusion, pertinent to most
natural events. The thermal history of
rocks is being deduced by McCallister
and by Seitz using new techniques involving radioactive tracers and particle-track
mapping on naturally exsolved minerals.
Additional evidence of the cooling history
can be obtained from the intracrystalline
ion distributions determined by Virgo
using the Mossbauer technique and the
precise crystal structure determinations
of Finger and Ohashi. Muehlenbachs and
Kushiro obtained a new view of reaction
processes when they discovered unusually
fast rates of exchange of oxygen in common minerals using stable isotopes.
In addition to these special areas, evolution of the major research areas continues to take place. Efforts in experimental petrology at high pressures are
intensified as geophysical constraints are
amplified. Research in spectral mineralogy grows rapidly as new equipment presents long-sought opportunities. The
growing use of stable and radioactive
isotopes in the solution of problems has
begun to supplement their established
applications in age determinations and
rock characterization. Major element
chemistry appears to be reinforced routinely now with the chemistry of minor,
trace, and rare earth elements, perhaps
because of the unique behavior in partial
melting processes of the less abundant
elements.
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The transport of material via intergranular fluid was the subject of in-depth
studies bearing on metasomatic
rocks.
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On the basis of thermodynamic theory
and field mapping. Rumble evolved a
powerful method for ascertaining the extent oi equilibrium achieved in a rock
and for estimating the species in the fluid
phase that are locally in equilibrium with
the mineral assemblage. The flux of material was found to be small and the system essentially "closed" to external fluids.
In contrast. Frantz evolved theory and
collected the required data to predict
metasomatic zones where the flux of material islarge. These two major studies at
opposite ends of the metasomatic spectrum open a new era in met amorphic
petrology.
The great value of measurements of
fundamental properties of minerals was
once again demonstrated by Mao. He
obtained optical spectra on some ironbearing structures thought to exist in the
lower mantle. These structures break
down under high pressures, yielding iron
oxide and silica. Initially the iron oxide
is stoichiometric FeO but with increasing
pressure gives way to Fei.,r + .rFe, Fe304
— Fe. or Feo03 -\- Fe. Mao used these
data to construct a new model of the
early stages of the formation of the earth.
During core formation, complementary
oxidation apparently took place in the
residual material that rose to shallower
depths by gravitational instability and
convection.
A series of complex and important
processes takes place as organic and inorganic materials are transported down a
river into the sea. The lignin of woody
plants is a tracer for the processes in
organic materials because it is produced
only by higher land plants and is not
synthesized by marine organisms. Hedges
developed a quantitative assay for lignin
in recent sediments and discovered new
taxonomic relationships between lignin
and common woody plants. He applied
- analytical method to a suite of samples and found that the organic matter
discharged from a river decreases rapidly
with increasing distance from shore. It
is trapped at water depths less than 300
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feet where rapid dilution by the remains
of marine organisms reduces the terrestrial component of the total organic carbon to a low level. He also showed that
lignin is probably not the major precursor
to the humic acids found in marine sediments. In a similar suite of samples,
Hoering found some hints of patterns of
hydrogen and carbon isotopic inheritance
that may be helpful in delineating types
of source environment.
The Laboratory was in ferment most
of the year with a high level of activity —
generated in part by welcome visitors,
but mostly by the broad interaction of
the staff. There was an unusual amount
of interplay even between groups whose
disciplines were mutually foreign. The
gain in understanding and growth far
exceeded the simple sum of individual
effort.
The following reports of work accomplished are identified with the investigators because we are proud of their work.
They generate — and bear the burden of,
as well — the Carnegie tradition and goal
of excellence. Enjoy the cafeteria of
achievements collated with comment in
brief below.
Igneous Petrology: Experimental and
Field Studies
Volatiles in ultrabasic and derivative
rock systems. Volatiles play a key role
in the generation of many major igneous
rock types. Water has dramatic effects
on the behavior of minerals and their
assemblages: reduction of melting temperatures, elimination of the rarer polymorphs, reversal of relative melting temperatures, shift of minimum melting compositions, and transportation of large
quantities of material. Other volatiles
such as C02 have now been found to be
equally important in determining magma
trends.
The discovery by Eggler last year of
large amounts (4-9 wt %) of C02 dissolved in silicate melts at high pressures
has led to the unfolding of a major new
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concept in magma differentiation. The position, Muehlenbachs and Kushiro were
presence of CO2 tends to shift the com- able to ascertain oxygen diffusion coeffipositidn of liquids in equilibrium with cients in a variety of silicates. They vary
olivine and pyroxene toward less silica- by seven orders of magnitude, yet the
saturated compositions than those pro- diffusion mechanism appears to be the
duced at the same pressure in the ab- same. These diffusion data are especially
sence of volatiles. As a consequence, helpful, for example, in calculating the
alkaline basalt magmas could be pro- length of time acidic xenoliths may have
duced at shallower depths than thought been in contact with their host magma.
previously. In fact, at any depth, a range The isotopic fractionation between siliof compositions from alkali basalt to cate melts and crystals was also measandesite could be produced by fractional ured for the first time as a function of
crystallization or partial melting, accord- temperature. On the basis of their exing to Eggler and others, as the volatiles periments, Muehlenbachs and Kushiro
change from C02-rich to H20-rich com- propose that the low-180 content of some
positions. Most processes considered in basalts and eclogites may be the result of
the past (e.g., hydration and oxidation) extensive fractionation from their parentended to increase silica saturation, and tal magmas at very high temperatures.
now a simple mechanism (carbonation) Oxygen fugacity was previously found
has been identified whereby liquids dur- to be an important variable in determining crystallization tend to move toward ing the nature of a hydrous melt, and it
less silica-saturated compositions. was thought by some that the Mg/(Mg
Measurement of the solubility of C02 -f- XFe) ratio of the melt was indicative
in silicate liquids is accomplished in at of the same ratio in its parent. Mysen
least three ways: (1) weight-loss method measured that ratio in anhydrous partial
on quenched glasses, (2) phase-boundary melt of peridotite as a function of /o.,
determination method, and (3) the beta- between the iron-wiistite and magnetitetrack method. The last-named tech- hematite buffers and found that it varied
nique, developed by Mysen, Seitz, and as much as 45%, whereas it varied only
Frantz, has been applied by Eggler, My- 10% in the coexisting crystalline phases.
sen, and Seitz to the solubility of C02 This observation and the recognized posiin a melt of diopside (CaMgSi206) com- tive correlation of that ratio in the melt
position. A nearly linear relationship be- and in the starting material led Mysen to
tween Pco2 and C02 solubility was found, conclude that comparisons of the Mg ■/
suggesting that C02 dissolves in the melt (Mg + XFe) in rocks are ambiguous
as a carbonate molecule. There was some unless the /Oo at the time of initial meltconcern that runs involving C02 might be ing and during crystallization and the
reduced by H2, generated by the parts nature of the parental material are
within the high-pressure apparatus, and known for each rock.
H20 formed. Analysis of the gases by
Among the various parental materials
chromatographic techniques indicated no investigated in the presence of volatiles.
significant concentrations of other gas- it was found that the partial melting of
eous species. Eggler, Mysen, and Hoering many ultrabasic rocks can yield an andetermined the intrinsic hydrogen fugac- desitic liquid if H20 is present. The
ity using the oxygen-buffer method and melting of garnet websterite in the presfound that it was sufficiently low to pre- ence of water yields an andesitic liquid,
vent significant reduction of C02.
according to Mysen, but in contrast to
By means of its oxygen isotopes, addi- the hydrous melting of peridotite, the
tional useful information is obtained from composition of the melt produced from
the C02 dissolved in a melt. By exchang- garnet websterite is controlled by the
ing oxygen of contrasting isotopic com- presence of amphibole and is limited to
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a restricted pressure range. Kushiro
strongly supports the view that calcalkaline andesite
magma
can be formed
directly from a hydrous mantle. His experiments on the forsterite-plagioclasesilica-water system with and without
sanidine yielded typical andesitic liquids,
which he verified by the phase-equilibria
method and by electron microprobe analysis. Kushiro would no doubt be quick to
caution that the amount o\ water present
> equally important because pressure
per se shifts the composition of liquids
away from silica. His study oi the effect
of pressure on the forsterite-enstatite
liquidus boundary substantiates his concern. He concludes that high-silica, highalkali magmas (e.g., calcalkaline andesite' are probably formed at relatively low
pressures, whereas those magmas low in
silica and high in alkalies (e.g., alkali basalt and kimberlitel are probably formed
at high pressures in the presence of volatiles.
One of the principal phases in equilibrium with the andesitic liquid in the
upper mantle is forsterite. A detailed
study of the forsterite-water system by
Hodges indicated that at saturation the
water content of the liquid was 27% by
weight at 30 kbar! He also investigated
the diopside-water system at the same
pressure and found 21.5% H20 by weight
in the H20-saturated liquid. Diopside is
unusual in that it has an inflection, not
previously observed in a hydrous melting curve. At water pressures greater
than 20 kbar the melting curve begins to
rise, probably because the partial molar
volume of water dissolved in the melt is
about equal to that of the molar volume
of free water. Hodges believes this is the
first direct evidence that water enters a
silicate melt as discrete water molecules
rather than as OH" ions, the presumed
dominant mechanism at low pressures.
Not only is the amount of water dissolved in silicates at high pressures large,
but the amount of silicate dissolved in
water is also large. Xakamura and Kushiro, in a study of the forsterite-silica-
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water system using the phase-boundary
method, found 20% by weight Si02 in the
gas phase coexisting with forsterite at
1300°C and 15 kbar! Clearly the transport of silica and, no doubt, other materials such as alkalies will have a profound influence on the composition of the
rocks through which such a gas phase
passes. In the context of present plate
tectonic theory such transport may play
an important role at or above subduction
zones, where andesitic magmas are presumed to originate. One can imagine the
extent of transport of silica and alkalies
during the initial degassing stage of the
earth that may have led to formation of
the oceans.
The effects of hydrogen on a simple
silicate system, Si02-H20-H2, were investigated byNakamura. Without free
H2, the Si02-H20 system becomes supercritical athigh temperatures and 15 kbar.
At the same pressure in the presence of
free H2, controlled by the iron-wiistite
buffer, melting of quartz results in the
separation of a gas and a liquid phase.
It is clear that as knowledge of the
behavior of the gases C02, H20, 02, and
H2 becomes available, more care must be
exercised in experimental design and in
applying simple systems to natural
events. On the other hand, the understanding ofthe natural processes involving volatiles has improved greatly as a
result of this year's concentrated efforts.
Peridotites: nodules, xenoliths, and
xenocrysts. Garnet peridotite is commonly chosen as a parental material from
which primary basaltic magmas are derived. Its principal phase, olivine, is
absent, surprisingly enough, in natural
basalts subjected to the same high pressures at which garnet peridotite is stable.
On the one hand, Yoder argues that olivine and other phases are removed from
the magma en route to the surface so that
the bulk composition is not representative of the magma composition initially
separated from the partially melted garnet peridotite. He is critical, therefore,
of Ringwood's (1962) suggestion that the
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pyrolite composition (3 or 4 parts dunite
+ 1 part basalt) is a valid representative
of the source rock of basaltic magmas.
From a physicochemical viewpoint it is
not sound to mix a derivative, not a primary, basalt and a phase (dunite consists
mostly of olivine) with which it is incompatible at high pressures. On the other
hand, olivine (and orthopyroxene) may
be absent in basalts crystallized at high
pressures because of reaction relationships of those phases with liquids of basaltic composition, as suggested by
O'Hara and Yoder (1967). The basaltic
liquids thus formed would also be derivative. Yoder also notes the absence of
plagioclase in natural peridotites assumed to be equilibrated at 1 atm. It
would appear that the peridotites chosen
had already been depleted of their basaltic fraction or the plagioclase is occult
in aluminous pyroxenes.
The formation of bimineralic eclogite
(clinopyroxene + garnet) from garnet
peridotite also requires reaction relations
of both olivine and orthopyroxene with
liquid. O'Hara and Yoder (1967) demonstrated the reaction of orthopyroxene
with liquid at high pressures. Kushiro
and Yoder have expanded a preliminary
study by Kushiro ( 1968) and found the
long-sought olivine reaction relationship
with liquid at pressures up to at least 26
kbar. In the presence of water the pressure range of the olivine reaction relationship isextended, and it would appear
that bimineralic eclogites could thereby
be formed within the stability field of
diamond.
The garnet peridotites are particularly abundant among the nodules retrieved from kimberlite pipes. One of the
methods for ascertaining the pressure and
temperature conditions of formation of
these nodules involves measurement of
the composition of pyroxenes coexisting
within them. Akella and Boyd are continuing to equilibrate garnet and pyroxene mixtures to increase the precision of
the petrogenetic grid. They believe that
further experimentation will be required

before the full potential of the method is
achieved. Akella has examined the phase
relations of the CaSi03-MgSi03-Al203
system as a chemical model of the natural
peridotites. The system closely approximates garnet lherzolites but has important deficiencies. The solubility of AI2O3
in orthopyroxene coexisting with clinopyroxene and garnet decreases; as the
pressure increases and as the temperature
decreases. Akella's data on Ca/(Ca -fMg) do not reveal any systematic change
with pressure. Although he found that Ti
does not appear to have a marked effect
on the solubility of A1203 in the pyroxenes, he thinks that Fe, Cr, and Na will
affect the equilibria and complicate the
estimation of pressure and temperature.
The megacrysts or discrete nodules of
garnet, pyroxene, ilmenite, and olivine
in kimberlites differ in their compositional relations from similar minerals in such compound nodules as
garnet lherzolites and pyroxenites. Studies of discrete nodules provide important
information about the petrologic nature
of the low-velocity zone and perhaps
about the origin of kimberlite itself. Boyd
and Danchin describe a discrete nodule
suite comprising diopsides, garnets, and
ilmenites from a kimberlite in Angola that
shows many of the characteristic features
of the discrete nodules found in Lesotho.
1400 miles to the southeast. It is possible
that these discrete nodules from Angola
and Lesotho have originated as crystals
in crystal-mush magmas in the lowvelocity zone. Boyd has described a suite
of olivine megacrysts from South African
kimberlite pipes and shown that their
compositional relations are similar to
those of olivine inclusions in discrete
garnet and ilmenite nodules. Nevertheless, the origin of these olivine megacrysts is elusive because they are also
similar in composition to olivines in certain dunites, believed to be cumulates,
and to olivines in the groundmass of
kimberlite.
Data for a xenolith suite from the
Frank
Smith kimberlite
pipe, South
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Africa, obtained by Boyd show that the
principal elements of the mantle model
developed for northern Lesotho can be
extended to a locality 400 km west of the
northern Lesotho kimberlite province.
The Frank Smith xenolith suite resembles
that found in Lesotho in that it contains
sheared lherzolites believed to have come
from the asthenosphere. originating at
depths greater than 150 km. This suite
also contains granular lherzolites and
pyroxenites believed to have come from
the lithosphere in the depth range more
shallow than 150 km. A distinctive group
of megacrysts appears to have crystallized in the same depth range as the
sheared lherzolites. as was found for
northern Lesotho. A geotherm similar to
that obtained for northern Lesotho can
be drawn for the Frank Smith xenoliths.
Rock types included in the Frank Smith
suite, but not found in Lesotho, are a
group of enstatite pyroxenites exhibiting
coarse exsolution of diopside and pyrope
and a group of spinel peridotites whose
pyroxene compositions are inconsistent
with the geotherm, presumably because
of the large uncertainties introduced by
the solid solution of chromium in the
-pinel phase.
Eggler and McCallum have found
many new nodules in kimberlite pipes in
the Colorado-Wyoming Front Range.
The collection now includes eclogite,
lherzolite. a variety of megacrysts, granulites. and a new group of garnet websterites and clinopyroxenites. They have used
the methods of Boyd to estimate equilibration temperatures and pressures for
many of the nodules and have derived a
model for the crust and mantle to a depth
of about 200 km. The picture developed
from nodules should be an interesting
supplement to geophysical and geologic
models of the Rocky Mountains. They
also report on the Ming Bar diatreme in
Montana, a diatreme with an alkali olivine basalt matrix containing nodules of
granulite, pyroxenite, and peridotite.
3 wple and multiple oxides in magmatic rock systems. The looming world-wide
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shortage of metals is fully appreciated by
geologists but not yet recognized as imminent bythe manufacturer or consumer.
In the search for principles to guide future exploration, the Geophysical Laboratory has focused on the minerals rich
in Cr, Fe, and Ti.
Layers of concentrated chromite occur
in several large ultramaflc-gabbroic intrusions inthe world. These layers range
in thickness from less than 1 inch to 10
or more feet, and many of them can be
traced for distances of tens of miles. They
are of interest both as major ore deposits
and as the products of large-scale igneous
processes that have not been fully understood. By combining data relating to two
occurrences in the Muskox intrusion in
the Canadian Northwest Territories with
theoretical inferences and an experimental study, Irvine has outlined a
mechanism whereby the layers might be
formed. By this mechanism, the parental
basic magma of the intrusion deviates
from its normal course of crystallization
because of contamination by granitic
melt derived from the roof of the intrusion. For brief periods, chromite is precipitated tothe exclusion of silicate minerals and so may accumulate in concentrated deposits. The mechanism is
supported by the discovery in many of the
chromite grains in the Muskox layers of
tiny, spherical, composite silicate inclusions that commonly are rich in silica and
alkalies and so would appear to represent
trapped droplets of the contaminant melt.
It is suggested by Irvine that the mechanism may also have application to deposits of other magmatic ores, such as
magnetite and sulfides.
Arculus, Gillberg, and Osborn also
examined the chromite problem from the
experimental viewpoint by working out
in detail the liquidus relations in the system MgO-iron oxide-Cr20.3-Si02 in air
at 1 atm. The system involves the principal phases spinel olivine, pyroxene, and
tridymite and therefore is relevant
to a large number of common rocks. The
dominant features of the tetrahedron rep-

GEOPHYSICAL

LABORATORY

201

resenting the system are the large pri- ported by WasilevisPci, Virgo. L'lmer, and
mary phase volume of spinel and the con- Schvjerer. These properties, which manitrasting very small olivine and pyroxene fest as (1) constricted and two-phase
volumes. Another feature of special in- hysteresis loops at 300 °K, (2) loop shiftterest is the expansion of the pyroxene ing in response to cryogenic cooling in a
field toward higher Si02 concentrations magnetic field, and (3) extensive viscous
relative to the Cr-free system. In addi- behavior at cryogenic temperatures, suction, a continuous compositional varia- gest the presence of a distinct second phase,
tion of the spinels from picrochromite to The magnetic properties are explained in
magnesioferrite was found where the spi- terms of exchange coupling of the spin
nels coexist in equilibrium with olivine, systems resulting from the dominant
pyroxene, and liquid with decreasing ferrimagnetic spinel host and an antitemperature. The large variation in spi- ferromagnetic wiistite-type phase. The
nel composition contrasts with the minor additional phase has been introduced by
variation of solid solution of Fe-bearing partial reduction of the spinel samples,
end members in the pyroxenes and oli- These results illustrate that the magnetic
vines. Spinel-silicate equilibria are po- technique is a more sensitive method for
tentially useful petrogenetic indicators, determining the redox state of a spinel
but calibration of the effects of pressure, than conventional techniques (electron
temperature, and variable fugacities of microprobe, thermogravimetric, and xvolatiles must await further experimental ray diffraction analysis) . It seems likely
studies.
that the magnetic hysteresis technique
Such extensive variation of spinel com- may offer a unique way for determining
position, not previously reported in na- the equilibrium /o2 values associated with
tural terrestrial rocks, has just been dis- a single-phase spinel of specified corncovered by Arculus in his study of a suite position.
of island-arc basalts. He analyzed the In another study Mao and Bell despinels from those rocks with the electron termined the relationship between crysmicroprobe. The spinels occur as inclu- tal-field spectra, oxidation state, crystal
sions in silicate phenocrysts and also in coordination symmetry, and oxygen futhe groundmass of the basalts. The main gacity for chromium- and iron-bearing
compositional variation can be described spinels from the Philippines, South Africa,
as a chromite-titaniferous magnetite solid and the moon (Apollo 17 core sample),
solution series, but in addition a single The spinels were chosen as representative
example of a zoned pleonaste-picotite products of oxidizing, moderately respinel has been discovered. Some sub- duced, and extremely reduced conditions,
solidus equilibration between spinel and Mao and Bell found that the oxidation
host silicate has occurred, but the major state and coordination of chromium and
changes in composition probably repre- iron can be determined from crystal-field
sent changes in liquidus composition of spectra. The band assignments of the
the spinel. It is evident that there is absorption spectra were made by utilizing
much to be gained by studying the liqui- the results of previous efforts and crystaldus relations of the oxide systems bearing lographic and Mossbauer data, and by
Fe, Cr, and Ti.
varying the crystal-field intensity with
In addition to the investigation of the pressure. The relationship of the oxidaphysical chemistry of spinels, some of tion state to the partial pressure of oxytheir physical properties were deter- gen at the time of formation of the spinels
mined. For example, the anomalous mag- is dependent on their composition,
netic properties of spinels synthesized The iron-titanate minerals are abunwithin the FesOi-FeC^C^ field are re- dant in terrestrial igneous rocks and are
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- cially important in lunar rocks. Lipin
and Muan studied their phase relations in
the presence of a silicate liquid under
strongly reducing conditions. They found
that addition of approximately 13 wt %
anorthite ■*■ 3wt ri AUV totheFeTiOa
composition in the system OaAl>Si..(\TKVFeTr-O.-, stabilizes ferropseudobrookite and spinel relative to ilmenite at
liquidus temperatures. This observation
is in accord with the extensive solubility
of Al:i* in pseudobrookite anil spinel
structures and very limited solubility of
Al3* in ilmenite. Chromium is similarly
distributed among the titanates, and it is
I ny Lipin and Muan
that the

ferential partitioning; of AP and Cr;;
into ferropseudobrookite
and spinel is
the reason
that those phases
appear
rather than ilmenite at high temperature
in the high-titanium lunar basalts.
Other studies in igneous petrology. The
Skaergaard intrusion, a classic model of
differentiation through crystal fractionation, was also differentiated in the late
si _«-s probably through liquid immiscibility according to McBirney and Naka'■:. In the course of work aimed at
determining the compo.-ition of liquids
from which rocks of the layered series
-alii zed. they found experimentally
that iron- and phosphorous-rich liquids
from winch the Upper Zone crystallized
have an immiscible relationship to the
silica-rich liquids of contemporaneous
granophyres. The large granophyric
bodies in the Upper Border Group may
be products of melting or large-scale
latiou of basement gneiss ; however,
the small dikes and sills within the gab- of the Upper Zone could have sepaas immiscible liquids.
Revival of the role of immiscibility in
the lat< si ges of magma crystallization
- initiated by the discovery by Roedder '1951 I of important immiscibility reins relevant to natural rock- in the
syst( : Fe2Si04-KAlSi2(VSi02 at 1 atm.
Ndkamura determined the effect of 15
kbar pressure on that system to ascertain
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whether immiscibility was a likely event
at depths where magmas of contrasting
composition may arise. He found that
the field of immiscibility is greatly reduced and that the liquidus held of silica
is expanded at the expense of the liquidus
field of fayalite.
The so-called analcite basalts have
been an enigma to penologists for many
years, principally because the upper stability limit of analcite is well below the
solidus of basalt under relatively low
water pressures. Yet analcites appear
texturally as though they were phenocrysts. The "potash-rich analcites" are
even more perplexing in that experimental work on the analcite-leucite join
indicates limited solution. Nakamura
and Yoder reexamined the natural analcite alleged to have the maximum known
amount of K20, 4.5 wt %, with the electron microprobe. They found only 0.39
wt % K>0 in the analcite and attribute
the previous high value obtained on a
bulk sample to admixed hyalophane and
phillipsite. It is their view that the apparent phenocrysts of analcite result
from a low-temperature exchange of Na
for K in a preexisting leucite phenocryst.
The melilites are rare but important
minerals because they are believed to
appear in the earliest stages of one alkaline magma trend and may be one of the
early condensates of the primordial solar
nebula. Their compositions are restricted
but not well defined, so El Goresy and
Yoder undertook an extensive study of
natural melilites and those in pertinent
synthetic systems. In the course of their
investigation they ascertained some of
the phases that make up the peg structure
in melilite; documented a reaction relation between titanomagnetite and melilite, yielding perovskite; outlined a reaction relation involving phlogopitc and
diopside; and delineated the limits of
solid solution in synthetic akermanite in
joins of akermanite with nepheline and
soda melilite.
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Metamorphic Petrology: Metasomatism
and Kinetics
Metasomatism in closed and open systems. Two very important series of
studies at opposite ends of the metasomatic spectrum have emerged this year.
At one end, the local gradients in chemical potential of volatile components are
identified in a system where the flux of
ambient fluids is small. At the other end,
the flux of material along the gradients in
chemical potential is large, giving rise to
the development of metamorphic zones
that are modeled using new experimental
data. These fundamental studies open
exciting opportunities in the field of metamorphic petrology.
Rumble developed a method for verifying the existence and estimating the magnitudes ofgradients in chemical potential
of volatile components between adjacent
mineral assemblages in metamorphic
rocks. He has derived mathematical expressions giving the variation of chemical
potential with changes in mineral composition in specific mineral assemblages.
Account is taken of all chemical components in a given assemblage detectable
with the electron microprobe. Complete
independence from graphical methods of
analysis, which usually require undesirable simplification of the chemical system, is attained. Only the most general
assumptions are made in the equations of
state of minerals composing the assemblage. The hypothetical fluid phase present during the metamorphism can be
tested by adding the appropriate aqueous
species to the equations for heterogeneous
equilibrium between the species and the
various components of the solid phases.
Rumble applied his method to the Clough
quartzite, Black Mountain, New Hampshire, for which graphical analysis had
indicated the attainment of local chemical equilibrium and the existence of
gradients in the chemical potential of
HoO and 02 between adjacent mineral
assemblages. The mathematical analysis
confirmed the existence of the gradients

and provided an estimate of their magnitude, taking into account the minor components neglected in the graphical anal-
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The dispersed phase that participates
inysis.
metamorphic reactions; is a solution
containing ionic species, salts, acid.s, and
bases. Solubility constants of the common minerals in such a solution arc essential if local equilibrium is to be evaluated. Most models for infiltration and
mass transport are based on the concept
of local equilibrium, hence an understanding ofirreversible processes requires
data on mineral solubility. Frantz chose
the system MgO-Si(\>-H20-HCl for experimental study because of the availability of acid-base buffers and the applicability ofthe system to some natural
rock zones. He determined the solubility
constants between 400° and 700 °C at 1
kbar for the relevant phases. Frantz and
Mao then proceeded to calculate a theoretical transport model based on the principle of local equilibrium. Using Fick's
laws of diffusion, they obtained a model
from which the thickness and sequence of
metasomatic zones can be predicted quantitatively for multicomponent systems.
Both solid-volume and porosity changes
are variables, hence the model is applicable to systems involving increase or reduction oftotal rock volume. The loss or
production of solid phases within the
monomineralic reaction zones and at the
zone boundaries was found to be related
to changes in the concentrations of the
aqueous species. The results are an important aid to understanding natural
transport processes occurring by intergranular diffusion.
Kinetics and diffusion. Exsolved minerals inherently record the cooling history of the host mineral and indirectly
that of the rock. Exsolution is believed to
take place through two mechanisms:
nucleation and growth or spinodal decomposition. The latter is initiated by
small compositional fluctuations and depends solely on volume diffusion rather
than classical nucleation. McCallister ex-
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amined a highly supersaturated diopside another. Diffusional anisotropy is detersolid solution, annealed at 1 atm and a mined, therefore, by the three-dimenrange of temperatures, on the join sional arrangement of sites available for
CaMgSi20«-MgSiOs. On the basis of dif- migration and the differences in the probferences in powder x-ray diffraction pat- abilities for the various types of migraterns. change in exsolution textures, and tion. In an attempt to relate the macrothe calculated undercooling from the scopic diffusion constants to atomic procsolvus "observed from phase equilibria) esses occurring in a crystal, Ohashi and
to the coherent spinodal (below which Finger have computer-simulated the exspinodal decomposition is possible), he pected anisotropy in metal diffusion for
suggests that the mechanism of exsolution an idealized olivine structure. In the
for this specific composition above calculation the Markov matrix method is
1300°C is nucleation and growth, whereas used for evaluating the average atomic
below 1300°C, it is spinodal decomposi- displacements for a random-walk model.
tion.
They conclude that zig-zag atomic miFrom a theoretical viewpoint, Fletcher gration, alternating from the Ml to the
and McCallister examined the problem of M2 site, is the most important process
spinodal decomposition, where interdiffu- for obtaining the highest rate of diffusion
sion controls the rate of transformation, along c.
and found that it is a possible mechanism Amphiboles also record information
in diopside and other critical composi- about their cooling history by the nitrations of pyroxenes. Their data clearly crystalline distribution of Fe2+ and Mg,
suggest that the strains associated with which is strongly dependent on temperachanges in lattice parameters due to ture. Seifert and Virgo examined anthoslight compositional fluctuations are suffi- phyllites quenched from temperatures in
ciently small that spinodal decomposition the range 400° to 720°C using 57Fe Mosscan be an operative mechanism in clino- bauer spectroscopy. The thermodynamic
pyroxene exsolution. They emphasize the characteristics of the intracrystalline exneed for determining interdiffusional co- change are in contrast to those of other
efficients in the major minerals, such as chain silicates such as orthopyroxenes
pyroxene and feldspar, exhibiting exsolu- and cummingtonites. They found that the
tion.
kinetics of the ordering reaction could be
Ohashi has derived general equations described by a simple second-order rate
for coherent spinodal decomposition in an equation from which a quantitative calanisotropic system. His equations involve culation of the cooling history could be
no averaging procedures and therefore made. An anthophyllite formed at 720° C
yield solutions as exact as the input ten- would require 106 years to attain 90%
sors. Using the strain tensor developed of its equilibrium Fe2+-Mg distribution
last year and the elastic constants for at270°Cand2X 108 years at 200°C.
microcline, he has computed the strain Metamorphic
mineral stability and
r-nr-rgies associated with perthite exsolu- properties. The garnets remain a continutions of various orientations. From the ing source of joy for the mineral collector
direction of the minimum strain energy and a never-ending source of debate for
Ohashi has partially explained the ob- the metamorphic petrologist. Inconsistserved orientation of perthites and esti- encies in previous results on grossularite
mated the temperature depression of the have led Huckenholz to a renewed effort
coherent spinodal relative to the solvus in outlining its stability field within the
for alkali feldspars.
CaO-ALOs-SiC^-H^O
system.
He has
Volume diffusion in a perfect crystal worked on 1 1 reactions bearing on grossu18 an atomic process composed of succes- larite stability and outlined the petrosive migration of ions from one site to genetic grid for a large portion of the
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quaternary system. It now appears that
grossularite has an upper stability limit
of 862 °C at 0.2 kbar, extending beyond
1216°C at 10 kbar. Above 1290°C and
11.5 kbar, grossularite melts incongruently. Under hydrous conditions grossularite begins to melt incongruently above
1000°C and 3.8 kbar, extending at least
through 1035°C at 10 kbar. Of particular
interest was the change of composition of
initial liquids, determined by electron
microprobe studies of glass, with water
pressure from 1 atm to 3.8 kbar. The
initial liquid composition was an important factor in ascertaining the chemographic relations. The large volume of
data collected by Huckenholz has important bearing on the metamorphism of
argillaceous limestones, especially at contact aureoles.
The grandite garnets were studied by
Virgo and Huckenholz, particularly along
the join andradite (CaFe3+2Si30i2)-Tiandradite (CaFe3+2Ti30i2). The unit-cell
parameter, refractive index, and density
increase linearly with increasing solid
solution toward Ti-andradite and support
the contention of a continuous solid solution from andradite to andradite52— Tiandradite48 (mole per cent). However,
the physical properties do not reveal any
unusual features that might account for a
specific site preference of ferric iron and
titanium within the crystal structure. The
57Fe Mossbauer absorption analysis indicates that Ti prefers the octahedral site
and Fe3+ is accommodated in the tetrahedral site. The compensation is not complete; some Ti4+ also occupies the tetrahedral site and some Fe3+, the octahedral
site. It appears that a geothermometer
could be developed from the Fe3+-Ti4+
interchange; for application to natural
garnets, however, the differential site
preference of Al3+ will also have to be
determined.
Another study in the garnet group was
carried out by Virgo and Yoder on the
alleged skiagite molecule (Fe2+3Fe3+2Si3
Oi2) in iron-rich members. Electron microprobe analyses of two natural garnets,
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purportedly containing the skiagite molecule, from the type locality indicated that
both were principally a solid solution of
the spessartite and almandine end-member molecules. The state and location of
iron were determined from the 57Fe Mossbauer spectra, which showed that iron
was entirely in the divalent state and
could be assigned to the 8- fold coordinated site of the garnet crystal structure.
Nevertheless, the coexistence of andradite
and hedenbergite in natural skarns and
as a breakdown product of ferrotremolite
in experimental studies suggests there
may exist mineral equilibria where small
quantities of the skiagite molecule might
be found in the garnet structure.
Some contact aureoles and skarns in
iron-rich limestones contain melilite. Feakermanite is commonly reported in the
assignment of analyzed constituents to
end members and has been synthesized
by several groups of investigators. Seifert
reexamined the subsolidus relations in
Fe-akermanite— akermanite and found
Fe-akermanite to be met ast able. About
80 wt % of the iron end member could be
incorporated as a solid solution in akermanite. Because the composition of ironbearing melilites is sensitive to temperature and oxygen fugacity, Seifert believes
melilite will be a suitable indicator of
these parameters in melilite-bearing
rocks.
Gehlenite is also an end member abundant in melilites in contact aureoles.
Huckenholz and Yoder ascertained its
maximum stability limit as well as that
of wollastonite, a commonly associated
phase, in the presence of water. Knowledge of the melting of these phases served
as a guide in predicting the change of
composition of liquid at pressures below
the appearance of grossularite on the
liquidus of the system anorthite-gehlenite-wollastonite-HoO, described above.
Sillimanite is a critical mineral in ascertaining grade of metamorphism.
Fibrolite was thought to be merely a
fibrous habit of sillimanite, but it was
discovered by Bell and Nord that the
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fibers are submicroscopic inclusions of understood and indicate that most nuquartz.
The
one-million-volt
electron cleosynthesis occurred early in galactic
microscope at the U.S. Steel Corporation evolution, followed by 4% of the synthewas used to identify the quartz by elec- sis of heavy elements immediately pretron diffraction. These results may ex- ceding the condensation of the solar sysplain the long-suspected anomalies in the tern.
data on the heat capacity oi sillimanite. Lunar studies. Returned lunar samples
continue to capture the interest of the

?taff" 0ne shrould not underestimate the
Kxtratcrrestnal Petrology and
e it
gy, becaus
petrolo
lunarbest
import
Geochemistry
is
at ance
presentoi the
record
of planeMeteorites. There are many opportu- tary evolution for the time period from
nities for the experimental investigation about 4.6 to 3.7 b.y. ago. The intensity
of material that may represent debris of effort has now shifted mainly to the
from the accretion of the planets. The analysis of the large volume of data at
Allende meteorite, a type-Ill carbonace- hand, and new excitement has been genous chondrite. is especially valuable be- crated as the need for specific informacause it contains possible early-condensed tion becomes evident,
phases from the solar nebula. Kushiro Estimates have been made of the bulk
and Seitz carried out melting experiments composition of the moon. The crystalon the Allende meteorite to gain some lization sequence of minerals from the
understanding of the early evolution of proposed bulk composition should prothe planets. They demonstrated that an duce assemblages that represent the
Fe-Ni sulfide melt, a ferrobasaltic melt, major rock types identified in the reand olivine with or without pyroxene co- turned lunar samples. Kushiro and
existed at elevated temperatures. They Hodges tested the various model combelieve that in the presence of a volatile positions to see which yielded the obcomponent the separation of these phases served assemblages. The model composiwould be facilitated under a gravitational tion proposed by Ganapathy and Anders
field, and a layered structure similar to (1974a) yielded a sequence of minerals
that of the earth could obtain.
that was consistent for the most part with
Extinct isotopes, as evidenced by the the differentiation products present on or
natural occurrence of their decay prod- near the surface of the moon. Some impure an indispensible tool in decipher- portant rock types cannot be formed,
ing the events of nucleosynthesis during however, from the proposed composition,
which they were formed. One such extinct and Kushiro and Hodges believe a reisotope, plutonium-244, has been identi- vision of the estimate of the bulk comfiVd in meteorites by fission tracks and position of the moon is required.
xenon gas produced by spontaneous fis- The great impacting events that culsion. Its utility as a chronometer, how- minatecl about 4.0 b.y. ago had sufficient
ever, has been limited because of the energy to produce melting. One block of
possibility that it separated geochem- crushed gabbro and anorthosite (sample
ically from the more stable elements, 77017) contained a glass similar in comuranium and thorium, to which it is com- position to a highland basalt (14310).
I Seitz, Burnett, a nd Bell performed Hodges and Kushiro believe impact melta series of laboratory experiments deline- ing may, therefore, be a significant source
ating the behavior of plutonium relative of lunar high-alumina basalts. In anto uranium and thorium in a natural other study they compared two highsilicate-phosphate system. Although a titanium basalts (70017 and 74275) and
strong fractionation of the elements was found the differences could be related to
found, the quantitative aspects are well different cooling histories. Supersatura-
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tion with respect to plagioclase in the
more rapidly cooled sample (74275) had
a major influence on the composition and
crystallization of other mineral phases
in the sample. This conclusion is in contrast to the differences displayed by the
Apollo 11 high-titanium basalt, which
can be related to differences in bulk
chemical composition.
Another product of impacting may be
the orange glass spheres found in soil
samples at Shorty Crater during the
Apollo 17 mission. One idea is that they
are the silicate portion of the quenched
vapor generated on impact. Imbedded on
the surfaces of these orange spheres are
very small particles of an iron-rich phase.
The surface particles discovered by Bell,
El Goresy, and Mao are less than 0.5 ^m
in diameter and contain significant
amounts of chlorine and copper. In the
Apollo 16 and 17 samples, iron chloride
is related to significant oxyhydration,
and the same process may have occurred
on the surfaces of the orange glass
spheres. The glass spheres are free of detectable quantities of metallic iron, and
their known magnetic properties (Curie
point of magnetite) may originate in the
surface particles.
Orange glass also was found as coatings on two Apollo 17 samples (79155,
70019) . The glass is filled with gas bubbles, according to Mao, Bell, and El
Goresy. The mineral assemblages at the
glass-bubble contact suggest that the released gas has caused extensive chemical
reduction. The samples contain significant quantities of trapped solar wind
hydrogen common in material from the
lunar surface.
A preliminary attempt to systematically analyze core 60004, a soil profile,
with respect to grain size, mineralogy,
and clast content as a function of depth
was undertaken by McCallister and
Meyer. They found that the mineralogy
from the top to the bottom of the 70—110
cm section of the core was similar and the
grain size distribution, although bimodal,

was uniform. The jjlagiocla.se from the
top of the section is slightly more sodium
rich than that at the bottom, and the
mafic minerals from the bottom are more
restricted in composition than those from
the upper part of the section. They conclude that the regolith had been accreted
at that site from homogeneous material
at a relatively constant rate.
A study of another lunar sample
(66095) revealed the presence of the hydrous mineral akaganeite. Taylor, Mao,
and Bell assume it is a product of the
oxyhydration of metal and lawrencite
(FeCl2) in the rock.
Systematic Petrology
Pilot testing of the rock information
system devised by Chayes has been continued, but Chayes and Brdndle have
been chiefly concerned with building a
successor system. The new data base
would include not only the analytical
data contained in the present system, but
for each analyzed specimen, a considerable body of geological and petrological
information as well as all available trace
element determinations. The key programs of such a system are now being
refined and tested, the data used being a
file of published analyses of volcanic
rocks of the Canary Islands, prepared
by Brandle. The enormous advantage of
incorporating these new kinds of information in the base is apparent, but the
resulting increase in the size of the base
creates two severe practical problems.
One involves condensing the base to such
physical size that charges for its residence in mass storage will not be prohibitive. The other involves scanning the
condensed file with sufficient speed that
the money saved in storage will not be
lost in processing. Both problems can be
met, but it is clear that the expense of
operating such a system may well be
beyond the limits of most individual
petrological budgets. Chayes is at present attempting to form a volunteer group
whose primary function would be to build
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the data base of the new system. The
experience of this group should contribute
much to the design oi a viable retrieval
and reduction service available to the
profession as a whole.
Mineralogy: Spectra. Structures.
Physical Properties
Applications of the many spectral
techniques have brought new dimensions
to the held oi mineralogy. The rise in
interest has been dramatic as quantum
theory, thermodynamics, crystal structure, and phase chemistry are integrated.
The goal of predicting physicochemical
properties and behavior of minerals from
first principles is still in the distance, but
great progress in understanding the various interrelated problems is being
achieved.
Crystal-field spectra. A most significant advance has been made in obtaining
unique assignment of absorption bands
in optical spectra. The crystal-field intensity changes with pressure as the crystal parameters adjust to reduction in volume. Energy levels of each ion change
uniquely, and these changes with pressure
can be estimated from quantum theory.
The rate of change of the absorption
band with pressure can thereby be identified with predicted changes in specific
energy levels in the crystal. This method,
developed by Bell and Mao. is probably
one of the few successful experiments in
relating quantum theory to observed
effects in minerals. They applied the
method to the spinels, already mentioned
above, and have also examined a pyroxene with the same technique.
Mao and Bell measured the optical
spectra of a titanium-rich fassaitic pyroxene from the Allende meteorite to
determine the oxidation state of titanium.
By studying the spectra up to 300 kbar it
was possible to detect the crystal-field
splitting of Ti3* in octahedral symmetry.
A charge-transfer band (Ti8+ — *• Ti4+)
was also observed. The data appear to
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resolve previous conflicts in the interpretation of the optical absorption bands.
Identification of Ti8+ in pyroxene from
the Allende meteorite is one of the few
reported occurrences of Tia+ in nature.
On the basis of experiments on titaniumbearing glasses in a controlled atmosphere, Mao and Bell suggest that the
complex chemical history of the Allende
meteorite was characterized by extremely
low oxidation conditions.
Reduced states of titanium such as Ti3+
were also identified in the study of lunar
basalts by Bell, Mao, and Weeks. Because this reduced state of titanium
would strongly influence the path of melting and crystallization of magmas from
the lunar interior, it is important to detect Ti3+ analytically in order to assess
its role. Two techniques, electron paramagnetic resonance and the crystal-field
technique, were brought to bear on this
problem. The techniques are independent
and require only small grains (minimum
grain size 30 pm in diameter) . As a result of the confirmation obtained, the
crystal-field spectra are being employed
in the interpretation of earth-based telescope spectra of the moon and planets.
In addition to those two studies on titanium, several studies were devoted to the
spectral properties of iron. In one, a synthetic basaltic glass was examined by
Bell and Mao under controlled oxygen
fugacities to ascertain spectrally the relationship ofthe oxidation states of iron
to the oxygen fugacity effective at the
time of quenching. The spectral data will
be useful in the interpretation of the
quenching history of small samples of
basaltic glass from the earth as well as
the moon.
The oxidation state of iron was also
determined spectrally by Bell and Mao
on a tektite. Both ferric and ferrous iron
were detected, and the ratio (10:1) suggests that the tektite was not formed in
the earth's atmosphere. The debate on
the origin of tektites is still very active,
and these data will be useful in the search
for the source of tektites on the surfaces
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of planetary objects by earth-based and
sky-lab telescopes.
High-resolution, crystal-field spectra
were also measured on anthophyllite and
gedrite by Mao and Seifert for the purpose of obtaining information on the
bonding of iron in these amphibole structures. Spectra measured at high pressure
have confirmed that the crystal-field
bands are caused by transitions in ferrous
iron in the M4 octahedral sites of amphiboles. The symmetry of the M4 site is
approximated by the C2v point group,
and on this basis it was possible for
Mao and Seifert to assign the transitions,
relate the polarized absorption to the
observed intensities, and deduce cationcation interaction from the observed
band-widths. Next-nearest neighbor interaction and orientation of the H-0(3)
vector of water in the amphibole studies
was deduced by observing O-H stretching
overtones. Their analysis is one of the
first steps in determining the role of
structural elements in the properties of
amphiboles at pressures equivalent to
those of the earth's upper mantle.
Because Fe3+ may be an important
element in the earth's deep mantle near
the core boundary, Mao and Bell explored the effect of high pressures up to
300 kbar on the electronic behavior of
Fe3+ in goethite and lepidocrocite. The
results were used to calculate the electronic state of Fe3+ to 1.3 Mbar. It is evident that Fe3+ must be considered as a
possible oxidation state of iron even in
the deep mantle.
Such high pressures cause only a slight
energy shift in the charge-transfer transitions in minerals, but Bell and Mao discovered that pressure above 100 kbar
brings about an exponential increase in
the intensity of their absorption bands.
The intensity is proportional to the probability of charge-transfer transitions in
metal cations, and therefore the observed
effects imply that charge transfer is a
dominant process in minerals at the high
pressures in the earth's mantle. The
charge-transfer process may be related

to the previously observed increases in
electrical conductivity in olivine, spinel,
and magnesiowustite, minerals that arcpredicted to occur in the earth's mantle
at depths greater than 900 km. On the
basis of these observations, it will be necessary to revise models of the predicted
thermal, electrical, chemical, and magnetic properties of the earth.
The accretion model of the earth, proposed by Urey (1952), was considered
faulty by some investigators who believed the core and mantle could not be
in equilibrium. Urey believed a relatively uniform mixture of metal and
silicates accreted, melted as a result of
radioactive heating, and differentiated.
Under these circumstances, the core and
mantle would be in equilibrium, at least
at the interface. Ringwood (1959.1966)
argued that the core and mantle could
not be in equilibrium because basalts,
presumably derived from great depths,
are too oxidized, the volcanic gases erupting are too oxidized, and the content of
nickel and other trace elements in basalt
is too high to be in equilibrium with a
metallic core. Furthermore, silicon must
be in the core to account for the density,
and that metal cannot be in equilibrium
with mantle silicates. Using thermodynamic calculations, Mao found that
ferric, ferrous, and metallic iron could
coexist in the lower mantle.
With mixed oxidation states such a
material would be opaque under high
pressures. Radiative heat transfer would
be prohibited, but lattice conduction of
heat would be high in the lower mantle.
The material would also act as an electrical semiconductor. On the basis of the coexistence ofthe metallic iron with oxides
containing ferric iron, Mao postulated a
major new mechanism for evolving the
oxidized upper mantle and crust and reducing the core of the earth by equilibrium reactions and differentiation. The
mantle-core nonequilibrium constraint
for models of the earth is no longer necessary, andisthethus
objection
inal model
removed.to Urey's orig-
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Crystal structure. The computer-autox-ray ditt'ractommated, single crystal,
eter developed
last year by Finger,
Hadidiacos, and Ohashi has been demonstrated tobe a powerful tool. Work that
just a decade ago would have represented
the bulk of a crystallographer's lifetime
luctioD was accomplished within this
ort year. Five major crystal refinements and related theoretical studies are
reported. Crystal structure is an essential part oi the interpretation of practically all other physical and chemical
data: therefore, cooperative efforts determine the success of many mineralogical studies. The new approach to mineralogy requires concerted efforts on the
same crystal by workers both within and
outside this Laboratory.
One of the discrete crystals found as a
megacryst in kimberlite. mentioned in the
beginning of this review, was the subject of detailed study by McCallister,
Finger, and Ohashi. Their purpose was
to provide data on the crystal chemistry
of a subcalcic diopside (1600E4) that
may be used in interpreting its thermal
history. The refinement of the crystal
structure led not only to improved structure parameters but also to determination
of the distribution coefficient for Fe2+
and Mg between the Ml and M2 sites.
The value of the distribution coefficient,
A"., in an unconstrained refinement was
found to be 0.08. and the maximum Kft
(i.e., maximum disorder) could have a
value of 0.32. These values suggest that
the subcalcic diopside has a comparatively high degree of order. Heating experiments are now being conducted on
this material in an effort to understand
the thermal history that has brought discrete clinopyroxene megacrysts to their
present state.
One of the fry>tallochemical factors
controlling pyroxene structures is the
ionic- size of the cations in the octahedral
layer. T'-ing the crystal structural data
for various pyroxenes, Ohashi and Finger
have analyzed the effects of cation subition on the symmetry as well as the
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tetrahedral chain configuration. The
space group of a particular composition
may be partly explained by the kind of
ions in the two cation sites, which are
found to have opposite effects on the
tetrahedral chain kink-angle.
Using a const ant -precision intensity
measurement procedure, Ohashi and Finger were also able to collect a relatively
large number of weak {h -f- A") -odd reflections for pigeonite from lunar rock
15476. These data include essential information about the structure of the
primitive-cell domains. A comparison of
the results obtained from separate refinements of all data and the (h -f /c)-odd
data shows that the structure of the
primitive-cell domains of pigeonite is
essentially that of Ca-free clinopyroxene
with smaller atomic positional disorder
than for an average structure that is obtained when all data are used in the refinement.
Pyroxenes are found to crystallize in
eight different space groups. For systematic treatment of the symmetry of pyroxenes, Ohashi and Finger have derived all
possible space groups and twinning relationships of clino- and orthopyroxenes.
One of the possible twinning operations
has been reported before; however, three
additional operations are also possible.
These important results suggest that a
recently discovered P2^ca orthopyroxene
may be related to one of the three possible monoclinic space groups that have not
yet been observed.
In an attempt to provide a structural
interpretation for an anomalous Mossbauer spectrum, Finger and Ohashi have
measured the diffraction intensities for a
crystal of holmquisite, a lithium orthoamphibole, from Uto, Sweden. The preliminary results of their study confirm
that the mineral is isostructural with the
anthophyllite-gedrite series. The following cation assignments have been made:
Li is in the M4 site, Al is in M2, and Ml
and M3 are occupied by Fe and Mg. Although the structure has been refined to
a residual of 7%, the details of the Moss-
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bauer spectrum have not yet been explained.
As a part of the general program of
high-temperature crystallographic studies, Ohashi and Finger have refined the
structure of sanidine at 25° and 400 °C
by the x-ray diffraction method. The results at room temperature closely agree
with those obtained from neutron diffraction except for slight changes in the
temperature factors for the cations. With
increasing temperature, the interatomic
distances between the alkali and oxygen
atoms expand and there is an apparent
contraction of the (Si,Al)-0 distances.
The latter observation suggests the importance ofa correction of the bond distances for atomic thermal motion at high
temperature, particularly for the strong
bonds such as Si-0 and Al-O.
Finger has refined the crystal structure
of a zircon from North Bay, Ontario. His
results are in general agreement with
those previously obtained; however, his
value of 1.630 A for the Si-0 distance is
larger than the value of 1.622 A found by
Robinson, Gibbs, and Ribbe (1971). A
value of 1.629 A was predicted by White
and Gibbs (1967) from the wavelength
shift of the Si K/3 x-ray. Finger discusses
several possible sources for error in each
of the studies, but the discrepancy has
not been resolved.

samarium between diopside, the major
constituent of clinopyroxene, and a basaltic melt. The ratio of samarium in
diopside to that in the melt i.s distinctly
lower than that measured in natural samples. This discrepancy is similar to that
found for the other large-ion-lithophile
elements, uranium and thorium, indicating that the high ratios in natural samples may reflect nonequilibrium behavior.
The beta-mapping technique developed
by Seitz for this study is sensitive to trar-e
levels of all elements of geologic intere.-t.
Studies of the solubility of C02 employing this technique were described above.
Knowledge of the kinetic behavior of
trace elements is perhaps as important to
deciphering trace element patterns in nature as is knowledge of their equilibrium
behavior. In one investigation of kinetic
behavior, nuclear techniques of mapping
the microscopic distribution of trace elements have been used to obtain diffusion
rates of trace elements in silicate and

Geochemistry

systems.
The distribution of rare earth elements
in a suite of island-arc basanitoids and
alkali olivine basalts has been examined
by Arculus and Shimizu. In those rocks,
enrichment of the light rare earths relative to chondrites varies up to a factor of
5.5, whereas the heavy rare earths are
relatively constant in abundance. Equilibrium with garnet appears to have been
the major factor controlling the heavy
rare earth distribution. However, fractional crystallization of garnet plus one
or more other phases is not a satisfactory
mechanism for generating the rare earth
distribution, and an alternative model of
variable partial melting of a garnet peri-

Trace elements. Most penological interpretations employing trace elements
fail because the data were collected on
impure mineral separates or because information on crystal-crystal and crystalliquid partitioning at known pressures
and temperatures is lacking. In addition,
adequate theory has not been evolved to
test the behavior of trace elements in important petrological processes. This Laboratory isattempting to overcome these
shortcomings.
Using his very sensitive new technique
of particle-track mapping, Seitz studied
the partitioning of the rare earth element

phosphate crystals. Using similar mapping techniques, Seitz has studied kinetic
disequilibrium in silicate melts in which
diffusion gradients of thorium rejected
from a growing crystal were observed.
The measured profiles of thorium are
used to estimate its diffusion rate in the
silicate liquid. This technique of studying kinetic behavior promises to be generally applicable to many trace element

212
dotite source material has been developed.
Radiometric geochronology. Methods
for dating rocks are in the midst of revolution, and great advances in analytical
precision appear to have been made. The
geologist is given a precise number purporting to be the age of an event — but
which event0 Dating systems are often
disturbed by events both before and after
the origin of the rock. Zircons are now
found to undergo alteration, and the discordant ages, the nemesis of many geochronologists. appear to be amenable to
reconciliation. Application of the new
analytical techniques offers new insights
into isotopic studies of polymetamorphic
regions, especially in the Precambrian.
Examination of the polished surface
of many discordant Precambrian zircons
after etching in HF vapor for a few seconds reveals zones of botryoidal alteration along late fractures and along the
outer margins. Microprobe examination
shows no major chemical changes, although the decrease in Si and Zr is suggestive of hydration. Krogh and Davis
suggest that this alteration, which may
proceed at various rates, depending upon
temperature, chemical environment, and
the extent of radiation damage, is a
major factor contributing to the discordance of the U-Pb systems of zircon. Such
a variable process would be expected to
produce meaningless lower intercepts on
concordia unless the alteration was episodic. Because of the heterogeneity of
these zircons and the localization of alteration along fractures, they consider it
'-xr-eedingly improbable that continuous
or episodic models for lead loss by diffusion can be applicable. Initial tests by
Krogh and Davis indicate that alteration
zones can be removed by HF treatment
and concordant ages achieved.
Discordant ages from the U-Pb systems in zircons from three phases of the
Sudbury norite have been eliminated by
careful selection of grains without botryoidal alteration. A precise age of 1844 ±
2 m.y. has been determined for the three
norite phases. Krogh and Davis believe
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the three phases were apparently emplaced in quick succession and therefore
tend to support the idea that the "intrusion" was triggered by meteorite impact.
Large zircons from small pegmatite
lenses in the migmatites of the Archean
basement have been discovered by Krogh
and Davis as far as 40 miles south of the
Grenville Front at three widely spaced
locations in Quebec. In one area these
zircons yielded a minimum age of 2600
m.y. even though other minerals indicate
a metamorphism 1000 m.y. ago. This discovery will revolutionize the interpretation of the geology of the area because
these migmatites have long been considered products of the 1000-m.y. Grenville
event.
Other local pegmatite pods in the
French River area of Ontario yield zircons from which ages were obtained that
are critical to the evaluation of the concept of plate tectonics as applied to the
Precambrian. The zircons were used to
date the time of the last folding, along a
northwest-trending axis, which deformed
the Archean basement and the overlying
sediments (about 1800 m.y. old) about
1000 m.y. ago.
A northwest-trending belt of gneiss
also occurs in the Barrens River area east
of Lake "Winnipeg, Manitoba. This area
contains the oldest rocks yet discovered
in the Canadian shield. The belt was
found to be at least 2900 m.y. old by
Krogh, Ermanovics, and Davis, and the
associated effusive or hypabyssal rocks
are 3000 m.y. old. The English River
gneiss, which lies to the south of the belt,
yielded ages from 2700 to 2750 m.y., so
the contact apparently represents a province boundary in the Archean.
Ages obtained from LT-Pb systems are
not necessarily in agreement with ages
from other systems such as K-Ar and
Rb-Sr. The eclogite on the island of
Hareidland, Norway, lies comformably
in a series of granulite gneisses for which
a whole-rock, Rb-Sr isochron of 1750
m.y. was reported (My sen and Heier,
1972). The small rounded zircons from
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the eclogite have inclusions of omphacite
(Jd = 35-40 wt %), rutile, and quartz,
but none of the secondary minerals typical of the eclogite itself, and are therefore most probably part of the primary
eclogite paragenesis. Two size fractions
of zircon were analyzed by Krogh, Mysen, and Davis, and ages between 400
and 600 m.y. were obtained. The large
uncertainty is a result of the low level of
radiogenic lead and the small amount of
sample available. These zircons were
formed 400 to 600 m.y. ago or suffered a
high degree of lead loss at that time. In
either case, the granulite facies metamorphism appears to be Paleozoic in age.
This conclusion is in strong conflict with
K-Ar ages of 1750 m.y. assigned by previous investigators for hornblende and
phlogopite from another eclogite in this
region. Thus the sequence of structural
and plutonic events leading to the formation of this large body of eclogite must be
reconsidered.
Biogeochemistry
One of the most active and hardworking groups at the Laboratory is engaged
in problems involving natural occurrences
of the C-H-N-0 compounds. Their vitality and enthusiasm, for research in this
complex field is to be emulated. Fossils
are an obvious source of organic compounds in sediments; however, other
sources are present both within the clays
themselves and dispersed throughout the
debris that make up the sediment. The
organic compounds have properties that
change with time and thereby record age.
In addition, many organic compounds are
specific to broad environmental areas and
therefore record origin. In turn some respond dramatically to environmental
changes and record ancient processes.
There are so many opportunities in biogeochemistry that the difficulty is more
often in choosing the most rewarding
problem rather than in obtaining its solution.
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Organic geochemistry also contributes
to geochronology, however on a more
modest time scale than that discussed
immediately above. It has been claimed
that fossil bones can be dated by the
extent of racemization of the amino acids
present, but Hare finds that some important variables must be recognized. Fossil
bones generally show substantially lower
concentrations of organic matter compared with recent bone. The amino acid
composition also differs substantially,
suggesting the presence of a resistant
component that is not leached from bone
as readily as is collagen. Leaching experiments with fresh bone chips (30-40
mg chips) confirm the presence of a second, resistant portion. After 28 hours of
continuous leaching at 157CC. over 99^
of the organic matrix is leached out of
fresh bovine bone chips. The residue left
in the bone chips differs in amino acid
composition from the collagen leached
from the bone and resembles the composition ofthe organic matrix of mollusk
shells. This residue may be the first
indication of a common calcifying component in vertebrates and invertebrates.
The residue also has a much lower fraction of d amino acids relative to the
soluble leached fraction. Hare's study
shows that it is possible to obtain a
variety of d/l ratios of amino acids for a
given time and temperature, depending
ing.
on the amount of water present for leachA new technique for testing the source
of organic matter in sediments has been
developed by Hedges. Lignin compounds
are organic polymers that occur in vascular land plants but are not found in marine organisms. With the results of an
improved method for the analysis of
lignin compounds in plants and sediments
and carbon isotope measurements.
Hedges has determined the contribution
of land-derived organic matter in Recent
sediments from the Gulf of Mexico. Up
to 50% of the organic matter in sediments forming near the mouths of large
rivers mav be of terrestrial origin. The
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content of land-derived material, however, drops rapidly with increasing distance from shore. Flowering plants were
found to make a significant contribution
to the organic matter in these sediments.
Another possible test of source environment has recently been developed by
Hoering. He has begun to explore the
possibilities of using variations in the
deuterium content of sedimentary organic matter as a tracer for hydrogen in
geochemical processes. He examined two
discrete fractions oi the organic matter
in a suite oi Recent sediments. The environments oithe sediments varied continuously from fresh water to the sea. He
found that the fatty acids showed a consistent depletion of the heavy isotopes of
both hydrogen and carbon when compared with nonlipid material. The depletion issimilar to that shown by living
plants. He found, also, that the deuterium concentration in the sedimentary
ganic matter reflected the isotopic composition ofthe water in which the source
plants and animals grew. It appears,
therefore, that deuterium can serve as a
tracer for the hydrogen in Recent organic
matter of sediments. For example, a
measure of the contribution of landderived organic matter in marine sediments may be possible. If a survey of the
deuterium in a wide range of plants and
animal- is made and the stability of the
deuterium label over long periods of time
ran be demonstrated, the combined hydrogen and carbon isotopes will provide
a very powerful tool for tracing the geomical history of organic matter.
An amino arid study of individual
species of Radiolaria by King has generated the first data on fossil silicified protein. Further work on these microfossils
will no doubt })<■ stimulated by the possibilities of tracing evolutionary lineages
and dating siliceous deep-sea sediments.
D *a on three groups of siliceous microtis ''Radiolaria. sponge spicules, and
opal phytoliths) suggest that a common
amino acid pattern is required for the
biomineralization of opaline silica.
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Xew Techniques, Equipment, and
Calibration
The amino acid analyses by ionexchange methods used in the studies
described above require accurate control
of elution times. A presettable timer has
been designed by Hadidiacos, Finger, and
Hare, using integrated circuits, to sequence a series of aqueous buffer solutions for each injected sample. By preselecting the exact time each buffer remains on, the amino acid analyzer can
resolve each of the various amino acids.
Muehlenbachs and Mysen have developed a technique whereby they can load
quantitatively any gas or any mixture of
gases that freeze in liquid nitrogen into
capsules used in high-pressure research.
This technique is extremely useful for
phase-equilibria studies in the presence
of chemically active gases (e.g., H20,
CO2, and HF) and for experimental
measurements of isotope exchange between a vapor and condensed phases.
Because of the current debate on the
reliability of measuring the composition
of glass, electron microprobe analyses
have been made by Kushiro on glasses
formed in high-pressure and 1-atm experiments. The glass wuthin 10 /xm of olivine
crystals formed at high pressure is significantly depleted in the olivine component,
probably owing to overgrowth of olivine
during the quenching. No such depletion
was found in glass formed in the 1-atm
quenching runs. The rate of diffusion of
cations was estimated to be of the order
of 2-5 /^in/sec in the temperature range
1400°-800°C. It is evident that reliable
results on the composition of glass produced experimentally can be achieved if
suitable precautions are taken.
A limitation on the effectiveness of
solid-media, high-pressure apparatus for
studying phase equilibria has been the
uncertainty in accurately determining
the pressure on the sample. The relationship between load pressure on a piston
and the pressure on the sample is a com-
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plex function of friction. Akella determined the double value of friction in a
solid-media, high-pressure apparatus by
studying the quartz ?± coesite transition
at 1000°C in piston-in and piston-out experiments. He also monitored the piston
displacement as a function of pressure on
compression and decompression cycles at
1400°C. The double value of friction determined at 1400 °C by the piston dis-
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placement technique is twice that obtained inquenching runs on the quartz 7=2.
coesite transition. This discrepancy, according to Akella, could be due to the
hysteresis or pressure gradients in the
pressure medium. The pressure gradients
may not have reversed symmetrically
when the direction of piston motion was
changed in the experiments monitoring
piston displacement.

PETROLOGY: EXPERIMENTAL
AND FIELD STUDIES

VOLAT1LES IN ULTRABASIC AND
DERIVATIVE ROCK SYSTEMS

Effect of C02 on the Melting of
Peridotite*
David H. Eggler

Carbon dioxide is the dominant volatile
species of fluid inclusions in peridotite
xenoliths (Roedder, 1965; H. W. Green,
1972) . Because basalt is believed to originate in the upper mantle by the melting
of peridotite, the role of C02 in peridotite
melting is being investigated (Eggler,
Year Book 72, pp. 457-467). These investigations ofsynthetic peridotite-C02
systems are complementary to the work
of Boettcher, Mysen, and Modreski (1974)
and Mysen and Boettcher ( 1974) on the
melting of natural peridotite in the presence of H20 and C02. The investigations
are supplementary to phase equilibria
studies modeling highly alkaline and
silica-undersaturated magmas (Wyllie
and Haas, 1965; Watkinson and Wyllie,
1965 ; Koster van Groos and Wyllie, 1968;
Boettcher and Wyllie, 1969).
In investigations of both the system
Mg2Si04-Si02-H20-C02 (Eggler, Year
Book 72, pp. 457-467) and natural peridotites (Boettcher, Mysen, and Modreski,
1974) it was found that the effect of C02
was opposite the effect of H20. Melting
in the presence of both C02 and H20 pro* Research supported by National Science
Foundation grant GA 40225.

duces liquids that are less silica-saturated
than those produced in the presence of
H20 alone. In both studies it is not clear
whether changes in melt composition
with change in C02/H20 ratio are
due to variation in H20 activity or to
changes in both H20 activity and C02
activity. In other words, is C02 essentially an inert component, or does its
solubility in silicate melt (Eggler, Year
Book 72, pp. 457-467; Yoder, Year Book
72, pp. 449-457; Eggler, Mysen, and
Seitz, this Report) effect large changes in
melt structure and melting behavior0
The search for the answer led to an investigation ofC02-saturated melting behavior on several joins in the system
Na20-CaO-MgO-Al203-Si02-C02.
The
system contains the four phases that *comprise peridotite. The compositions examined include several that were previously investigated by Kushiro (1968)
under volatile-absent conditions and in
the presence of excess H20 (Kushiro.
1972). Comparison can thus be made of
three limiting cases for melting: in the
absence of volatiles, in the presence of
C02, and in the presence of H20.
Inherent in these studies is the assumption that gases in experiments are oxidized; that is, that C02 and H20 are
dominant species rather than CO. CH4.
and H2. Eggler, Mysen, and Hoering
(this Report) show that this is the case
in experiments such as those conducted
for this study.
Hydrogen
fugacity in
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Fis. 1. Estimated position of phase field boundaries on the join Mg.SiCX-SiCVNaAlSiC^ at 20 kbar
pressure for excess-CO?. excess-H^O, and volatile-absent conditions.

-ules during runs is sufficiently low so
that under run conditions vapors contain
about 98 mole % CO,. 1% CO, and 1%
The join XaAlSi04 (nepheline)— Mg2
Si( U (forsterite)— Si02 is a critical join in
the basalt tetrahedron (Yoder and Tilley,
1962 1 because it contains albite (NaAl
Si I 'J.andit is critical to peridotite pedogenesis because it contains jadeite (Na
AlSi206). Composition NFA-1 (Ne62Foi8
silica2o, wt % » has been studied. The
composition is of interest because under
volatile-absent conditions (Fig. 1) XFA-1
across the olivine-orthopyroxenc
divariant boundary curve at 30 kbar and
lies near the isobaric invariant point at
which olivine, orthopyroxene, jadeitic
clinopyroxene, and liquid coexist. (Clinopyroxene was found as a subliquidus run
product by Kushiro, 1968. It did not crystallize inthe temperature interval inves~ _ ;ted in this study.)

The same NFA-1 glass, crystallized at
1 atm, that was used by Kushiro (1968)
was loaded into Pt capsules with Ag2C204
in amounts to yield about 10 mg total
sample and about 20 wt % C02. The
capsules were welded shut and run unbuffered in %-inch solid-media, highpressure apparatus.
Results are presented in Fig. 2. Melting is characterized by a change in liquidus phase from olivine to orthopyroxene
at a pressure of about 22.5 kbar. The
diagram is similar to that determined by
Kushiro (1968) for volatile-absent conditions, except that the point at which the
liquidus phase changes is displaced to
lower pressure by about 7.5 kbar. The
olivine liquidus temperature is also lower
by about 90°C at 20 kbar, reflecting C02
solubility in the melt, analogous to Ca
MgSi206-C02 (Eggler, Year Book 72).
These results are used in Fig. 1 to estimate the position of phase boundaries for
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20 wt % C02 and was; run as described
above. Results are presented in Fig. 3
and contrasted with volatile-absent experiments (Kushiro, 1968). As with the
NFA-1 composition, in the presence of
C02 the pressure at which the liquidus
phase changes from olivine to orthopyroxene isshifted to lower pressure relative to volatile-absent melting (26 kbar
to 20 kbar) . Liquidus temperatures are
lowered about 75 °C at 20 kbar pres.su re.
With C02, as in the volatile-absent experiments, olivine or orthopyroxene is

C02-excess conditions at 20 kbar pressure. The composition of the liquid at
the invariant point is more silica-undersaturated than that at the volatile-absent
invariant point and greatly different in
composition from the more silica-saturated liquid produced by melting in the
presence of H20.
Another join of interest is Mg2Si04CaAl2Si06-SiOo, as it contains the compositions CaAloSiOo (Tschermak's molecule) and CaAl2Si208 (anorthite). Composition DP-65 lies near an invariant
point at 26 kbar pressure where olivine,
orthopyroxene, clinopyroxene, and liquid
coexist and also lies near a high-pressure
piercing point on the join diopsidepyrope (Mg3Al2SiaOiL>) (O'Hara and
Yoder, 1967). The same material, crystallized at 1 atm pressure, that was used
by Kushiro (1968) was loaded into Pt
capsules with Ag2C204 sufficient to yield
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joined by clinopyroxene 10°-20°C below
the liquidus. Composition DP-65 must
lie very near the invariant point at 20
kbar (Fig. 4).
The third join studied was CaMgSi206Mg2Si04-Si02. Results are summarized
in Fig. 5. Dramatic shifts of phase boundaries in the presence of C02 are evident.
A critical join is CaMgSi206-Mg2Si04;
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Fig. 4. Estimated position of phase field boundaries on the join MgaSiCX-SiC^-CaALSiOe for exrc -— fJ02 and volatile-absent conditions.
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Fig. 5. Estimated position of phase field boundaries in a portion of the system CaO-MgO-SiO*CO2. Boundaries with CO2 are long-dashed where estimated.

phase relations on that join at 20 and 30
kbar pressure are shown in Figs. 6 and 7.
Two types of starting materials were
used. Several glasses or mixtures of glass
and crystal synthesized by Kushiro and
Schairer ( Year Book 62, p. 96) were
loaded with Ag2C204. For other compositions, mechanical mixtures of CaC03,
silica, and MgO were finely ground for 70
minutes and used as starting materials,
either alone or with Ag2C204 to supply
C02 in addition to the amount generated
by breakdown of CaC03.
Run products on the join were examined by a combination of optical petrog-

raphy, x-ray diffractograms, and electron
microprobe analyses. Microprobe analyses were particularly useful in determining the presence of orthopyroxene and
pigeonite and in distinguishing stable
clinopyroxene crystals from quench crystals (quenched liquid) , which can attain
large size. Quench crystals typically have
compositions that lie within the orthopyroxene (or pigeonite) -diopside solvus
(Kushiro, 1969) and are quite variable
in composition. A useful method of detecting quench liquid was from the presence of quench carbonate among other
quench crystals.
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Fig. 6. Phase relations on the join CaMgSi206-Mg2Si04 at 20 kbar pressure with 15-20 wt % C02
(COr-saturated).

The join diopside-forsterite at 20 kbar
with excess C02 is compared with volatile-absent melting relations (Kushiro,
1969 1 in Fig. 6. The piercing point at
which diopside, forsterite, C02-bearing
liquid, and C02 vapor coexist lies at a
composition of approximately Fo35Di65

and a temperature of about 1570 °C, compared with F025D175 and 1635 °C under
volatile-absent conditions. Another difference between C02-present and volatileabsent conditions is the significantly
greater temperature range between liquidus and solidus with CO2.

1700

100
90
CaMgSi20g
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Fig. 7. Phase relations on the join CaMgSi2Oo-Mg-.SiOi at 30 kbar pressure under C02-saturated
conditions.
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The join CaMgSi20G-Mg2Si04 at 30
kbar with excess C02 features the appearance oforthopyroxene on the liquidus
(Fig. 7) . Near-liquidus pyroxene for bulk
composition Fo40DiGo has optical properties and composition (Ca0.o9Mgi.oiSi20<;)
that indicate that it is orthopyroxene.
Appearance of the orthopyroxene primary phase field indicates that the invariant point at which orthopyroxene,
diopsidic clinopyroxene, olivine, and
liquid coexist does not lie within the compositional triangle Fo-En-Di, as it does at
30 kbar dry, but rather lies to the left of
the Di-Fo join (Fig. 5).
Two other compositions, prepared as
CaC03-Si02-MgO mechanical mixtures,
have been run to further define phase
field boundaries within the compositional
triangle Di-Fo-En. Composition DFS17E has pigeonite on the liquidus at
17 kbar and olivine + pigeonite
(Cao.i8Mgi.82Si20.6) on the liquidus at 15
kbar (Fig. 8). The olivine-pigeonite divariant boundary curve must pass
through this composition at a pressure of
15 kbar (Fig. 5) . These relations indicate

that at 15 kbar, olivine, diopsidic clinopyroxene, and liquid coexist with pigeonite at an isobaric invariant point, as
Kushiro (1969) found under volatileabsent conditions at 15 kbar. At 30 kbar
with C02, olivine, diopsidic clinopyroxene, and liquid coexist with orthopyroxene at an isobaric invariant point (Figs. 5
and 7). The exact relations between the
orthopyroxene and pigeonite primary
phase fields at 15 and 30 kbar are not
known, although phase relations of composition DFS-17E at 25 kbar suggest a
reaction relationship between diopside,
pigeonite, orthopyroxene, and liquid
(Figs. 5 and 8) .
Runs with composition DFS-E6 < Fig.
5) help define the olivine-orthopyroxene
boundary curve with C02. The composition lies on that boundary at 30-40 kbar
pressure under volatile-absent conditions
(estimated from Kushiro, 1969). With
C02 (Fig. 9), the liquidus phase changes
from olivine (closely followed in crystallization by orthopyroxene) to orthopyroxene at a pressure of about 17 kbar.
These melting experiments in the pres-
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Fig. 8. Preliminary liquidus phase relations for composition DFS-17E under C02-saturated conditions.
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out volatiles. These results are broadly
consistent with the pattern established
from simple systems (Eggler, Year Book
7:2. pp. 457-407; this Report). They differ in detail, in particular in the pressure
needed for liquids to become larnitenormative.

10

15

20

Pressure, kilobars
Fig. 9. Phase relations for composition DFSnder COr-saturated conditions.

ence oi ( !< >o on joins of the peridotite system prove that CO2 is not an inert component but rather that it dissolves in
silicate melt and causes distinct changes
in melt structure. In every join studied,
is baric invariant points are shifted to
silica-undersaturated compositions relative to the position of these points in the
absence of volatiles. The chief effect of
1 I '_ solution is to increase the size of the
orthopyroxene primary phase field relative to it> size when no volatiles are present. The magnitude of the effect inses with CO2 pressure, as seen in the
Si02-MgO-CaO-C02 system (Fig. 5).
The primary phase field of clinopyroxene
also increases in size relative to the olivine fn-ld iFio-s. 4 and 5).
The only other peridotite melting stud- with COo at high pressures are those
of Boettcher. Mysen. and Modreski
'1974 1 and Mysen and Boettcher (1974).
Glasses produced by melting natural
peridotite in the pressure range 10-15
kbar using various mixtures of CO2 and
H2O were analyzed with the electron
microprobe. Glasses produced in the
-life of vapor, varying in composition
from 100 to 20 mole % H20, ehanged
from quartz -normative through olivinehypersthene normative and olivinenepheline normative to nepheline-larnite
normative. Experiments were not made
on the same peridotite compositions with-

These new results have important implications for genesis of basalts. Models
explaining the origin of basalt types are
based principally on three factors — total
pressure, H20 pressure, and degree of
partial melting. Another factor, COL>
pressure, must now be added.
It is believed that C02 in the mantle is
especially important to genesis of alkaline basalts. Fluid inclusions both in olivine of peridotite xenoliths in alkaline
basalts (Roedder, 1965) and in phenocrysts (Sobolev, Bazarova, and Bakumenko, 1972) contain predominantly
COL>. Compositions of nepheline basanites, nephelinites, and melilite nephelinites do not have orthopyroxene on the
liquidus in volatile-absent melting experiments atpressures to 40 kbar (Bultitude and D. H. Green, 1967; D. H. Green,
1973). These rocks cannot, therefore, be
partial melting products of peridotite in
the absence of volatiles. According to
Bultitude and D. H. Green (1967) and
D. H. Green (1973), small amounts of
HL>0 will stabilize orthopyroxene on the
liquidus. Other petrologists have argued
that H20 decreases the primary phase
field of orthopyroxene (e.g., Kushiro,
1972). Results presented here and those
of Boettcher, Mysen, and Modreski
(1974) indicate that in the presence of
COi>, not H^O, the orthopyroxene field
will expand, and these compositions then
exhibit liquidus orthopyroxene. Therefore,
if certain basanites, nephelinites, and
melilite nephelinites are direct melting
products of peridotite, they must be produced in regions of the mantle rich in
C02. The absolute quantity of CO2 need
not be great. Silica-undersaturated ba-
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Baltic melts are believed to be derived by
only 3-7%- melting (Gast, 1968). About
5 wt % C02 can dissolve in basalt melt
at a pressure of 20-25 kbar (Eggler, Mysen, and Seitz, this Report). Thus in a
mantle containing 0.15-0.35% C02 such
melts would be C02-saturated. Other
alkali basalts for which either volatileabsent or volatile-present melting origins
are possible, on the basis of phase equilibria studies, can be generated at shallower depths in the mantle in the presence
of C02 than is possible under volatileabsent conditions. Results of experiments
on synthetic joins indicate that the minimum pressure for generation of silicaundersaturated melts will be decreased
by an increment of 7 kbar (MgoSiO-tSiOo-CaAl2SiOr„ Fig. 4) to 15 kbar (CaOMgO-Si02-C02, Fig. 5).
The system CaO-MgO-SiCVCO, is a
useful model with which to consider relations between -peridotite, basaltic
liquids, and carbonatite. Melting of
peridotite (Fo-Di-En) under dry conditions to at least 40 kbar yields liquids
within the subtriangle Fo-Di-En. With
CO2 at 30 kbar, the Fo-Di join is broken,
and the invariant point lies in larnite
(Ca2Si04) -normative space, at a temperature of about 1560°C. Huang and
Wyllie (1974) have shown that in the
system CaO-Si02-C02 the join Ca2Si04C02 is not a thermal barrier; liquids in
the composition range Ca2Si04-CaSi03C02 fractionate to yield calcite-rich
liquid. Yoder (Year Book 68, pp. 449457) has shown that at a pressure above
6 kbar, diopside + calcite (equivalent to
akermanite [Ca2MgSi207] + C02) melt
to diopside, liquid, and i^apor, implying
that silicate melt richer in calcite than
akermanite composition coexists with
diopside. It thus appears in CaO-MgOSi02-C02 that there is a high-temperature fractionation path from larnitenormative primary silicate melt (i.e.,
melilite-bearing) to calcite-rich liquid
(carbonatite).

It is evident that a mantle rich in CO2
in certain portion.- is an attractive model
to explain the alkaline group of igneous
rocks. If this is a reasonable hypothesis,
it is also reasonable that there are variations in volatile content of the mantle,
leading to variation in chemical character of partial melts. The volatile composition of the mantle when it was
homogeneous is not known, but it probably consisted largely of CO2 and 11/ ) if
the outer part of the earth accreted from
low-temperature, primitive, volatile-rich
material (Turekian and Clark. 1969:
Clark, Turekian, and Grossman. 1972).
Such material might have been similar
to type-I carbonaceous chondrites, which
have an atom ratio of H/C of about 6
(Wiik, 1956). (Dominant species are
assumed to be C02 and H20; however.
Brett, 1971, has argued that H2, CH4< and
CO are important species in the mantle. 1
Heterogeneity of mantle volatiles is believed to have been produced chiefly by
magmatic processes. One process strongly
fractionating volatiles would be formation of protocontinents by melting of the
mantle and subsequent growth of those
continents. Because granitic melts dissolve relatively little C02 but considerable H20 (Eggler, Year Book 72, pp.
457-467), melting processes increase the
C02 content of the residue (mantle) relative to the original material. Rubey
(1951) has estimated that excess volatiles, the volatiles contained in the atmosphere, hydrosphere, and sedimentary
rocks minus volatiles accounted for by
rock weathering, are dominantly H20
and C02. He believed that these volatiles
have been added throughout geologic
time. The ratio of H/C is 88 in the excess
volatiles, suggesting strong fractionation
of H20 into the atmosphere and hydrosphere by additive processes. The mantle
beneath continents would accordingly be
C02-rich, unless that mantle were decoupled from the overlying lithosphere by
plate motion.
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Basaltic magmatic activity would also
lete source mantle in 11-0. but to a
lessor extent, because basalt magmas dissolve more CO2 than granite magmas
(Eggler, Mysen, and Seitz, this Report 1.
Volatile depletion may explain magma
variation within volcanic centers, as in
the Hawaiian Islands, where volcanoes
built oi tholeiite basalt flows are capped
by alkaline basalts. Melting of mantle
with CO2-H2O vapor containing approximately 40-60 mole r< H20 in the pressure
range 15—20 kbar would produce tholeiite
magma 1 Mysen and Boettcher, 1974;
Eggler, Year Book 72, pp. 457—167).
Source mantle would be depleted in H2O
relative to CO2 and. provided all vapor
were not dissolved in the melt and removed, would produce nepheline-normative basalt upon further melting.
Removal of all vapor would leave a
volatile-absent mantle. Because there
would be no volatile fractionation during
later melting episodes, such a mantle
might produce magma that is relatively
homogeneous chemically. Gast (1968)
has suggested that oceanic abyssal tholeiite basalts are derived from mantle prcviously depleted by a small degree of
melting. If that small amount of melt
were alkaline, it might have dissolved
sufficient C02, as well as LLO, to leave a
mantle that was volatile-free.
I:, summary, evidence from volcanic
_ - - and fluid inclusions in peridotite
mineral.- and from cosmochemical considerations indicates that C02 is a volatile component of the mantle. Variation
in the amount of H2O and ('()■_. can influence the derivation of magmas ranging
from quartz-normative to olivine- nepheline normative by partial melting. Melting in mantle regions containing CO2 but
relatively little H20 produces magmas
more silica-undersaturated than can be
produced by melting in the absence of
volatiles. This process is believed to explain the origin of primary nephelinites
and melilite nephelinites.
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Measurements of the Solubility of
Carbon Dioxide in Silicate Melts
Utilizing Maps of Carbon-14
Beta Activity
Hjoni 0. Mysen,* Martin G. Seitz, and
John /). Frantz

Carbon compounds, particularly C02,
are important in igneous processes (Eggler, this Report; Mysen, Year Book 72,
pp. 469-470). The solubility of CO, in
silicate melts and the interaction between
CO2 and silicate systems were largely
unknown, however, until Eggler (this
Report) showed that C02 affects the
phase relations of silicate systems such
as Fo-Ne-SiO,>, Fo-Di-Si02, and FoCaTs-Si02. Eggler ( Year Book 72, pp.
457-467) and Holloway and Lewis (1974)
have suggested chemographic and indirect
analytical (analysis of gas obtained by
ignition of quenched glass) methods to
obtain the C(\» content of silicate glass.
Both methods have severe limitations- —
for example, the amounts to which they
are sensitive. Consequently, a new approach based on the registration of beta
activity from 14C has been used. Because the method gives a direct measure
of the carbon content, it may be used to
measure the solubility and partitioning of
any carbon-bearing compound. The
method is applicable to virtually all elements of geological importance and has
been used, for example, to study the partitioning of a rare earth element in basalt (Seitz, this Report).
A standard was prepared by mixing
BaC03 enriched in 14C with CaC03. Less
than 1 wt % BaCOa with activity 1
mCi/g is required. This mixture was recrystallized to 20 kbar and 1200°C for 2
hours in a solid-media press. The resulting charge was a homogeneous crystal of
(Ca,Ba)C();{, a part of which was then
added to MgO and Si()2 to form the diop* Work carried out under a cooperative predoctoral fellowship program between the Geophysical Laboratory and
The
Pennsylvania
State University.
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side molecule with 16.83% CO2, where;
the 14C-spike relative to total carbon is
the same in both the standard and samples. The beta particles were recorded in
thick beta-sensitive emulsions as microscopic trails, which could be identified
and counted in ordinary light. The counting was done at 500 X magnification,
when the 1-2 /mi tracks were easily resolved. The exposure time for the different samples was varied to obtain the
optimum number of tracks. Care was
taken to avoid track saturation on the
emulsion. This saturation can be checked
by reducing the exposure time until the
track density per unit time becomes constant. The Ilford K5 photographic emulsion used in these experiments has a
saturation point of approximately 6 X
107 tracks/cm2 for 155 keV particles
from 14C.
Seven samples of diopsicie have been
measured. For constant experimental
conditions, there are uncertainties in the
measurements of four independent variables that contribute to the uncertainty of
the measured COo concentrations. The
variables are tu, time of exposure of the
emulsion from the sample to be studied;
£std, time of exposure of the emulsion from
the standard; Cn, number of tracks
counted from the sample; Cst(i, number of
tracks counted from the standard. The
crc
number of tracks is counted on a grid
of
100 squares, where each square is 9.6 X
9.6 ^m with 448 X magnification. Each
square is counted
separately,
and the
and
std are
average is taken. The <jCx
then
ac„ = [2(CU - C„)V(n - 1)]1/2 (1)
TABLE

jCstd = [S(C.td -- C.td)2 (n - \)Yi\ %
where Cn and CBta are the number of
tracks in each square, Cv and Cm are the
average number of tracks per square, and
n is the number of squares counted.
The amount of C02 (wt % 1 in the
sample, R , is obtained from the formula
R = (ZetdAi) X (Cu/Cstd)
X wt CT%<std C02 in standard,

(3)

where
the relative
uncertainty of R is
Qr/r
crc,

cu^std

+
+

+

'Wstd

1/2

C std

oy d and (Ttn are estimated to be approximately 3 and 30 seconds, respectively.
The uncertainty introduced because of
the different absorption of beta particles
in standard and unknown is negligible at
this level of carbon concentration ( Table
1) and is not corrected.
Exposure times of 60 ± 3 seconds for
the standard and of 15 to 30 ± 0.5 minutes for the diopside glass resulted in high
track densities with no saturation. In
practice, the largest uncertainties are due
to the number of tracks counted; ac^C X
100 of 2 to 3%, requiring about 500
tracks, is practical. The uncertainty from
the four measured parameters gives an
uncertainty in the estimated C02 content of about 10%.
The system Di -f- CO2 was selected for
the initial experiments because its phase

Pressure,

5
1.5 ± 0.1

(4)

and terms such as at , . are the uncertainties of counting times, etc. The

1. Carbon Dioxide in Dioxide Melts at Various Pressures and Temperatures, wt rc

Temperature, °C
1700
1625
1580
1490

and

kbar

10

2.1 db 0.2

20
4.5
3.4
2.1
1.8

±
±
±
±

30
0.4
0.4
0.2
0.2

4.8 ± 0.4

22.:
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relations have boon studied in considerable detail by Eggler {Year Book 7&} pp.
457—467; this Report). The data are reported in Table I. Eggler, Mysen, ami
Soitz i this Report) discuss the data in
relation to the other methods available
for measurements oi the solubility of CO_>
I Holloway ami Lewis, 1974; Eggler, Year
Book 72y pp. 4.">7-4o'7. ami this Report) .

Although the beta-registration method
has been used to study the solubility of
C< >2 in a simple silicate melt, it is directly
applicable to silicate systems of any complexity. The method giving the microscopic distribution of trace amounts of
carbon should prove useful in studies of
the solubility of carbon in minerals, a
problem which has attracter considerable
attention in the discussion of the petrology and the geophysics of the upper
mantle (e.g., Green, 1972 1 .
The Solubility of C()l» ix Silicate
Liquids and Crystals*
Dmiil H. Eggler. B. 0. MysenJ and M. G. Seitz

Until recently, CO2 was thought to be
1 ssentially insoluble in silicate liquids
that arc saturated or moderately undersaturated in silica. Wyllie and Tuttle
1 1959i found that C02 had little effect
on the melting curves of feldspars and
granite at pressures to 2.1 kbar. Indirect
evidence indicated very low solubility of CO2 in basalt melt at pressures to
10 kbar (Holloway and Burnham, 1972).
Hill and Boetteher 1 1970), however, sug_ sted that at pressures above about 12
kbar. CO2 had a small solubility in basalt
melt, on the basis of an apparent depression of the melting curve with CO2-H2O
vapor. Aetna] solubilities of CO2 had
been measured only at pressures less than
10 kbar (Yoder, Year Book 68, pp. 236* Work supported in part by National Science
Foundation granl GA 40225.
t Work carri^l out under a cooperative predoctoral fellowship program between the Geosical Laboratory and The Pennsylvania
- ■ [Jniversity.
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240; Khitarov and Kadik, 1973; Swanson,
1973) until phase equilibria experiments
by Eggler ( Year Book 72, pp. 457-467)
indicated that several percent C02 is
soluble in silicate melts at pressures
higher than 15 kbar. This conclusion has now been substantiated with new
measurements by several techniques. In
two of the techniques the C02 content of
quenched glasses is measured. The third
approach is the phase equilibrium method, first developed by Yoder, Stewart,
and Smith ( Year Book 56, p. 209) and
used in the system CaMgSioCVCOo by
Eggler ( Year Book 72, p. 459) . With this
method, assumptions about quenching are
avoided, but experimentation with COo
introduces other ambiguities (Eggler,
Year Book 72, p. 459) .
Most of the data in this study have
been obtained on CaMgSi2Or, (diopside)
composition. Glasses were prepared in
solid-media, high-pressure apparatus using a finely ground mixture of CaCO:i,
silica, and MgO in sealed Pt capsules.
The pressures were varied from 5 to 30
kbar, and the temperatures from 1560°
to 1625°C. The run products are slugs of
clear glass with large gas cavities around
their edges. These gas bubbles are believed to have been present during the
runs. Optical examination of the glass reveals no bubbles within it, nor are carbon-rich patches that might be quenched
vapor seen from /?-track counts, which
have about 3 /mi resolution. The lack of
bubbles and the agreement of /3-track and
phase equilibria data (Fig. 10) indicate
that exsolution of C02 from glass during
the quench was negligible. Nevertheless,
solubility values from glass analysis must
be regarded as minimum values. The
glasses were analyzed by the /?-track
method described by Mysen, Seitz, and
Frantz (this Report) and by electron
microprobe analysis. Tn the microprobe
analysis a broad electron beam (about
20 jim) and low sample current (0.015
juA) are used. Before and after each
analysis, involving 6 to 10 points, dry
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Fig. 10. Solubility of C02 in CaMgShOo

(diopside) melt, as determined by three techniques.

diopside glass is analyzed. The difference
in the sum of oxides between analyses of
dry glass and C02-bearing glass is taken
as an estimate of the C02 content. The
error limits are the standard deviations
of each such set of data points.
Determinations by the three methods
are compared in Fig. 10. The /3-track
data are in agreement with the single
value from phase equilibria but do not
compare well with the electron microprobe data. Two values of electron
microprobe data are given at 20 and 30
kbar. The higher values, as well as those
at 5 and 10 kbar, were obtained by analysis of the same glasses used in the /?-track
technique.
The solubility of C in crystalline diopside has been determined by the /3-track
method at 20 kbar pressure as 9.6 ± 1.0
ppm. Diopside crystals about 50 fxm in
size were grown in the presence of diopside melt and of vapor of composition
62% C02,38% H20 (mole) at 1425°C.
The /?-track data suggest a nearly
linear relationship between the COo solubility in the melt and the PCo., at pressures above 5 kbar. Morey and Fleischer

(1940) suggested that C02 forms a
carbonate molecule in silicate melt:
C02 + 02- = co32K

=

(aco/-)/(/co2)

(aos-)

(1)
(2)

If ao2" does not vary with pressure, there
should be a linear relationship between
GoOg2" (C02 solubility) and /co2. The relationship between /Co0 and Pco0 is, unfortunately, not known. If the fugacity
coefficients do not vary greatly with pressure at elevated temperature (1550°1620°C), the data indicate that equation
1 is a reasonable approximation of the
solution mechanism.
The application of diopside data to
natural systems requires knowledge of
the effects of temperature and bulk composition on solubility. Preliminary data
indicate that at any pressure, temperature increases COo solubility. The effect
of bulk composition is also large, inasmuch as Eggler (Year Book 7.2) has suggested that at 20 kbar, about 1 wt % C02
dissolves in NaAlSi3Os (albite) melt, in
contrast to 4-5 wt % CO* in diopside melt.
Albite melt is more acidic than diopside
melt and has fewer nonbridging oxygens.
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hence lower u0- . On the other hand, basic
melts may behave similarly to diopside.
C02-bearing glasses of composition DP65 'diopside 35. pyrope 65) in the system
SiO2~Al2O3-MgO-Ca0 were produced by
placing dry DP-65 glass and AgL>(\>04 in
sealed Ft capsules at pressures of 15 to
22 kbar and temperatures of 1500°L550°C. Composition DP-65 (Si02,48.5;
Al203l 16.4: MgO, 26.0; CaO, 9.1 wt % I
is closer to that of natural basalt than is
diopside. The glasses were analyzed only
by the electron microprobe technique and
are compared with diopside analyses obtained by the same technique in Fig. 11.
The values obtained are similar within
the limits of error; thus the diopside data
(Fig. 10" may very closely model basalt
compositions.
A major effect of bulk composition on
C02 solubility is the amount of FLO
sent in a melt in addition to C02. A
melt containing some H20 can dissolve
more C(\> than a melt containing only
1 ' '. (Eggler. Year Book 72, pp. 457-467;
Holloway and Lewis, 1974). Apparently
H_.( ) breaks Si-0 bonds, thereby creating
more

nonbridging

oxygens,

higher do2-.
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and consequently
higher solubility of
COL> in the melt.
The solubility of C02 is much less than
that of FLO in silicate melts, inasmuch as
diopside melt can dissolve about 17 wt %
HL>0 at 20 kbar (Eggler, Year Book 72,
p. 461 ) and 21 wt % at 30 kbar (Hodges,
this Report).
Gas Species in Sealed Capsules in
Solid-Media, High-Pressure
Apparatus
David H. Eggler,
Bj0m Myscn* and
T. C. Hoering

Many noble-metal capsules run in
solid-media, high-pressure apparatus
contain systems whose components include hydrogen, oxygen, or carbon. Although known materials are loaded into
capsules, hydrogen may be gained or lost
through the capsule wall by diffusion during the run. Resultant changes in fugacities of 02j HoO, COi>, and other species
* Work carried out under a cooperative predoctoral fellowship program between the Geophysical Laboratory and The Pennsylvania
State University.
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Fig. 11. Comparison of solubility of CO.. in diopside and DP-65 molts, as determined by the
electron microprobe technique.
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have measurable effects on phase relations in silicate systems. Although hydrogen fugacity (/h2) can be controlled with
double-capsule buffering techniques (Eugster and Wones, 1962), it is convenient to
make large numbers of runs in unbuffered
assemblies of V2 inch diameter. The
standard assembly at the Geophysical
Laboratory consists of a graphite furnace
of 5.5 mm diameter, a boron nitride
sleeve of 9 mm diameter, and an outer
talc sleeve of 12.5 mm diameter (Bell and
England, 1967). In this study sample
capsules were surrounded by alumina
powder and supported on a plug of crushable ceramic. Such assemblies have been
used for many years here and in other
laboratories with no knowledge of the
intrinsic oxygen fugacity (/oj- Consequently, /o.,developed in such assemblies
has been determined by running known
02 buffers as samples and by analysis of
quenched gases.
Certain precautions were taken to remove sources of hydrogen from the assemblies. These sources are H20 (except
structural H20 in talc) and ammoniabased binder and hydroxides in boron
nitride. These volatiles were removed by
firing ceramic parts and the furnace in a
gas-oxygen torch and by heating the
boron nitride sleeves at 900 °C for 18
hours.
To determine /0., in capsules with H-0
gases, hematite and nickel oxide were run
separately as samples with 10-15% H20
in Pt capsules at 20 kbar (Fig. 12). Run
times varied from y2 hour at 1400 °C to
4 hours at 1000 °C. These run times are
believed adequate to achieve equilibrium
because (1) experience at 1-atm pressure
indicates that the buffers react rapidly,
(2) hydrogen will diffuse through platinum rapidly at high temperature (Shaw,
1967), and (3) experiments at 1400°C
(discussed below) give essentially identical results in runs of 5 or 30 minutes.
The runs indicate that at all temperatures /o.,is above that of the nickel-nickel
oxide (NNO) buffer but no higher than
hematite-magnetite (HM), inasmuch as

J oxidized product
I reduced product

-12

1000

MOO

1200

1300

Temperature,

1400

1500

°C

Fig. 12. Results of runs delimiting fa in
sealed capsules containing H20 in piston-cylinder
apparatus at 20 kbar pressure. Boxes on buffer
curves indicate hematite or nickel oxide starting
material and run product. Values of /o2 from
Huebner (1971). Dotted line denotes calculated
/o2 values.

nickel oxide was not reduced and hematite was partially reduced. The incomplete reduction of hematite to magnetite
can be explained in three ways : ill the
buffer reaction proceeds slowly, (2) f0
is actually very close to HM, or (3) during the time of the run the supply of H2
from the assembly was exhausted. The
first explanation is rejected because a 5minute run at 1400°C produced about
25% magnetite and 75% hematite (estimated from x-ray and optical examination) ,about the same amount produced
in a i/o-hour run. The third explanation
is rejected because, if true, H2 would diffuse out of the capsule, and magnetite
produced early in the run would be reoxidized to hematite later in the run. Yet
magnetite is found. The second explanation is preferred and is corroborated by
calculation of a lower boundary of /o2
from experiments described below with
C-H-0 gases and by measurement of
quenched gases (see below). The lower
boundary is set only 0.5 log unit below
HM.

230

C A R N E 6 1E

H20/(H20 + C02)
Fig. 13. Results oi runs delimiting fa in capsules containing H.0 and CO; at 20 kbar pressure and 1400 CC as a function of molar HjO
content of HaO-COj mixtures loaded into capstiles. Shaded area connects calculated upper
and lower boundaries on fo, range.

Oxygen fugacity was also determined
in capsules containing a C-H-0 gas (with
small amounts of dissolved solids), at 20
kbar and 1400CC. Dried NiO was loaded
into Pt capsules with H20 and Ag2C204.
Under the conditions of the experiment, a
C02-H20 vapor phase and a ball of
molten Ag were produced. Figure 13
shows that NiO was not reduced in experiments with various vapor compositions.
These data taken at 20 kbar and
1400°C may be used to calculate fugacities of gaseous species during the runs.
Two assumptions have been made — that
;'n . controlled
stant from run byto the
run.assembly,
inasmuchwasas conthe
ssi mblies are identical; and that species
in the fluid mixed ideally, that is, the
relation of fugacity to the fugacity of
pure gas (/°t> and the mole fraction of
thf uas i A, i is
(1)
/• = Xx(f°r).
Fugacities of the pure gases were predicted by corresponding state theory
(Newton, 1935). High-pressure data for
H20 of Sharp (1962) from 500° to
1000°C wore smoothed graphically to
agree with data of Burnham, Holloway,
and Davis <1969i at 10 kbar. Fugacities
of H20 were extrapolated isobarically
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from 1000° to 1400° with entropy functions. Finally, fugacity coefficients of
Newton (1935), plotted as functions of
reduced temperature and pressure, were
extrapolated to agree with the H20 data.
The fugacity coefficients at 20 kbar and
1400°C were found to be H20, 4.3; C02,
19; CO, 27; CH4, 27.
Upper and lower boundaries on /0„ in
the experiments have been calculated
(Fig. 13). The upper boundary is derived from the upper limit of /o„ in a
capsule with a H20-H2 fluid. This value,
which is the f0., of the HM buffer, is obtained from Huebner (1971), and /h0 is
calculated from
Ho + 1/2 02 = H20,

(2)

using thermodynamic data of Robie and
Waldbaum (1968). For other initial
Ah.,o, /h„ remains the same, but /o2 decreases because of dilution of H20 with
C02. In addition, however, other fluid
species can be produced;

C02 + H, = CO + H20;

(3)

C02 + 4H2 = CH4 + 2H20.

(4)

The fugacities of all these species were
calculated by an iterative procedure.*
It was found that /cu, and graphite activity were negligible in all cases and that
/co was low until Xu.t0 approached 0.
Where A^Hoo = 0, equation 3 shows that
equal mole quantities of H20 and CO are
produced. These quantities amount to 1
mole % each (in Fig. 14 fugacities have
been converted to mole fractions with
equation 1 ) .
The lower limit of /0l, was calculated
by a reverse procedure from the observa*The sum of Xmo and X cm was first assumed
to bo 1.0. Because fm is known, /o2, /co, /cm,
and (iv, may be calculated by equations 3 and 4,
with their corresponding mole fractions. A
revised Xuio estimate is calculated with a mass
balance equation:
^1120 (loaded in capsule)
= X\\io -\- Xm
-f~ 2X ciuThe revised Xco2 is obtained by difference:
+ ^C02 +is ^"co
4" X\\i until
+ X cmsucceeding
= 1.0.
TheXu?<>procedure
iterated
estimates vary to a negligible extent.
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H90/(H90+CCL)
Fig. 14. Calculated mole fractions of species during runs at 20 kbar and 1400 °C as a function of
molar H20 content of H2O-CO2 mixtures. Inset: Enlargement of lower left-hand corner showing
comparison of calculated and analyzed amounts of CO.

tion that the experiment that should have
the lowest /o2, starting with NiO and pure
C02, produced NiO. Because /o2 can be no
lower than NNO, fugacities at that point
on the lower boundary can be calculated
by substituting that /o2 into equation 2
and combining with equation 3 and with
a relation derived from equation 1 and
values of fugacity coefficients:
(5)
(Xc02/Xco) = 1.42(/co2//co).
Other points on the curve were calculated
as above. The boundary curves are seen
to be quite close; the mole fractions of
gas species in Fig. 14 are compatible with
either curve.
These calculations have been confirmed
by gas-chromatographic analysis of the
quenched gases in two capsules. A sealed
capsule, after a high-temperature run,
was inserted into the flowing carrier-gas
stream and then injected into the hot
inlet port of the gas chromatograph,
which was at 325°C. The increased pressure ruptured the capsule, and the gas
was swept into a double-column system.
It consisted of an internal silica gel column at 75°C and an external column of
molecular sieve 13X at 25°C. An analysis for C02, CH4, and CO was made. The

system was previously calibrated by
known mixtures of the three gases.
The capsules initially contained about
1.5 mg C02 plus a silicate and were run
at 24 kbar and 1340 °C and at 20 kbar
and 1400 °C. After the runs the capsules
contained no detectable CH4 (less than
about 0.2%), and the C02/CO ratios
were about 200 and 80, respectively. On
the assumption that equal amounts of
CO and H20 were produced (equation 3 ) ,
the CO contents are plotted in Fig. 14.
The calculated and measured amounts
are in agreement.
Important conclusions are that /o„
in a capsule containing only H20
is only slightly below HM and in
H20-C02 vapors it remains above NNO.
Gases of the system C-H-O, if loaded as
H20 and C02, remain essentially binary
except when the gas is extremely high in
C02. Pure C02, initially sealed in a
capsule, will contain small amounts of
CO and H20, as well as C02. under run
conditions. Graphite is not stable, either
in the calculated gas or in the observed
products.
Other solid-media assemblies may develop different intrinsic /h.,- Allen et al.
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1 1972 1 reported Jo, very near NNO for
runs containing H20, and Morrill and
Wyllie 1 1974 1 reported /o, somewhat bolow NNO. At this laboratory graphite
was produced in CtVbearing runs in Pt
capsules that were placed in an assembly
containing talc, but no boron nitride, as
the pressure medium. There is a strong
possibility that the low intrinsic /Ho (producing high /oo) m the standard Geophysical Laboratory assembly is duo to
the largo quantity of boron nitride in the
assembly, which may act as a sink for
hydrogen.
Oxygen Isotope Exchange axd
Equilibrium of Silicates
WITH

C(\>

OR 0_>

K. Afuehlenbachs and I. Kushiro
The mineralogical transformations undergone bysilicates in response to changes
of temperature and pressure involve the
movement and rearrangement of oxygen
atoms as well as the atoms of the other
elements in the silicate. Knowledge of
both the temperature dependence and the
rate at which oxygen atoms move should
help in elucidating the actual mechanism
by which silicates react or undergo phase
transitions. These rates can be determined from oxygen-isotope exchange reactions between silicates and oxygencontaining gas such as
MgSi160«(«) + Cl*Ol80(g)
(1)
^ MrrSiI602180(s),+ C]*02(g)
The rate at which this reaction proceeds
is directly related to the oxygen diffusion
coefficient in the solid, whereas the temperature dependence of the reaction rate
is determined by the activation energy
Most . I960). Diffusion data can be applied to field problems, as for instance,
in determining the residence times of
xenoliths in magmas.
The temperature dependence of the
equilibrium constants of isotope exchange
reaction- r-an be used as geothermometers
(Urey, 1947). Equilibrium isotope frac-
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tionation factors of oxygon isotopes, however, have not been calibrated in silicate
systems related to mantle rocks. Isotopic
fractionation factors between silicate
minerals and molts were determined in
this study by using C(\» or O2 at 1 aim as
media for isotope exchange between
physically separated minerals and melts.
Diffusion Studies
Oxygen exchange between phases was
carried out by suspending silicate samples in a conventional (1 atm, doubleceramic tube) quenching furnace, through
which CO2 or 0L> was continuously passed
at temperatures from 1250° to 1525° C.
Above 1250 °C, isotope exchange between
silicates and gas could be detected after
a few hours (Fig. 15). The oxygen diffusion coefficient, D, can be calculated
from the exchange data if it is assumed
that volume diffusion is rate-limiting.
For the melt phase, it was assumed that
convection inside the sample bead was
negligible. The data presented later justify the assumption. Perhaps the simplest
method for approximating the diffusion
coefficients is to note that in a randomwalk model with spherical symmetry, the
length of time to needed to reach isotopic
(2)
equilibrium between a sample of radius
r0 and the gas is :
D = rQ2/iU
The time t() can be determined unambiguously by the following experiments. First
the 180 content in a basaltic melt is increased byexchanging it with 02 and placing the sample along with an unexchanged
basalt in a C02 furnace. Then t0 is the time
needed for both samples to reach a common isotopic ratio. In a similar manner,
diffusion coefficients for an andesite melt,
plagioclase, and diopside were determined
by exchange with C02, and those for
enstatite and plagioclase, by exchange
with O2 (Table 2, columns 2 and 4).
Diffusion coefficients can be calculated
from partial exchange experiments by a
simple diffusion equation
(Jost, 1960)
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Fig. 15. Natural logarithm of the degree of exchange of samples with C02 versus time.
denotes exchange with 02.
,\

because the experiment satisfies the
boundary conditions of an infinite reservoir of isotopically constant gas and more
or less spherical symmetry:

818Of - S18Oco2
ai8Oi - b180co2
6 V

1

= -2Zj^

exP

— v2x2

Dt

-%2Dt

= -=
or exp

(3)

where D is the diffusion coefficient (cm2/
sec) ; t, time (sec) ; r0, sample radius
r0z
TABLE
Melt or
Mineral

Basalt*
Andesite*
Rhyolite*
Synthetic
(Di4oAn3oAb3o)
Plagioclase*
Anorthitef
Diopsidef
Enstatite|
Forsteritef

Cross
x —

(cm) ; 818Of, isotopic composition of exchanged sample; S180i, isotopic composition of starting material; 8180co0) isotopic composition of the sample if it
reached equilibrium with C02 (or 02).
When t is sufficiently large, only the first
termneedbeused.Diffusioncoefficientscan
be calculated from the slope in a plot of
the degree of exchange versus time (Fig.
15) for several partial exchange experiments or from equation 2 for single experiments. Diffusion coefficients calculated in this manner from C02 exchange
with basalt melt, plagioclase, anorthite.

In02
r02 Diffusion Coefficients at 1280° C, cmVsec
2. Oxygen
InC02

Partial

1.9 X 10-8
4.5 X 10-11

1.2 X lO"11
5.1 X 10~13
2.9 X 10~12

Equilibrium

4.0 X lO"8
>5 X 10~9

>3 X lO"11

*Natural samples.
fSynthetic samples.
JInverted to clinoenstatite during experiment.

Partial

3.3 X 10~8
2.0 X 10~9
3.8 X lO"11

Equilibrium

3.1 X 10~a

1.4 X 10~9

3.4
1.8
6.0
1.1

X
X
X
X

lO"13
10~12
lO"12
10~14

1.5 X lO"11

>6 X 10~12
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Fig. 16. Diffusion coefficient of oxygen
basaltic melt and anorthite versus l/T.

in

and diopside and those from 02 exchange
with andesite, rhyolite, synthetic melt,
anorthite, diopside, forsterite, and enstatite are presented in Table 2 (columns 1
and 3'. They range among the different
silicates at 1280 = C from 10"s cm2/sec for
basaltic melt to 10"14 cm2 'see for forsterite.
The calculated D's are within a factor
of 3 of each other where comparisons can
be made, whether they were calculated
from equation 2 or 3. The calculated coefficients are therefore not artifacts of the
gas ' acting with the sample surface, as
has been observed in carbonates (Hamza
and Broecker, 1974 1 and in vitreous silica
(Haul, Dumbgen, and Just, 1962). Volume diffusion as the mechanism of oxygen
movement can be inferred from the near
identity of the D's calculated from exchange with O2 or CO2.
Oxygen diffuses 2 orders of magnitude
ster in natural plagioclase than in synthetic anorthite. It is unlikely that the
obvious compositional differences in the
pies can affect the diffusion rates.
The oxygen fugacity in both the 02 and
( !< »j furnaces is sufficient to oxidize at

1 X S T ITT T I O X

least part o( the divalent iron. Oxidation,
or traces of it, or the presence of water
in the natural samples might possibly
facilitate oxygen exchange.
It is instructive to evaluate the temperatire
t
dependence of diffusion coefficients because the slope of the line in a
plot of log D versus 1/T°K (Fig. 16) is
the activation energy of diffusion divided
by the gas constant. The activation energy of diffusion of the oxygen atom in
both anorthite crystals and basaltic melt
is found to be about 90 kcal/mole, implying that the actual mechanism by
which oxygen diffuses and exchanges is
the same in both cases. Because of the
high activation energy, this step involves
bond rupture in the structures of the
anorthite and the basaltic melt. Sucov
(1963) found an activation energy of
oxygen diffusion in vitreous silica of 71.2
kcal. Other studies on vitreous silica, as
well as other silicates (Williams, 1965;
Giletti, 1972; Yund and Anderson, 1974),
yielded much lower activation energies of
about 30 kcal, suggesting that there may
be different mechanisms of oxygen diffusion in silicates.
Equilibrium, Studies
The isotopic evolution of a magma undergoing differentiation can be estimated
if the isotope fractionation factors between minerals and melts are known. The
fractionation factors between plagioclase,
anorthite, enstatite, and a basaltic melt
were determined and are shown plotted
against 1/T20K in Fig. 17. The criterion
for establishing isotopic equilibrium is
that the same isotopic fractionations
should be obtained irrespective of the
starting compositions. The same fractionations were achieved between basalt
and plagioclase or basalt and anorthite
although the starting anorthite contained
10%c more 180 than the plagioclase. The
same melt-mineral fractionation was observer! even when C02 tanks of slightly
differing isotopic composition were used.
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In addition, plagioclase and enstatite
could be equilibrated with 02 (20%c richer
in 180 than the C02) to reach fractionation factors similar to those achieved in
C02. Furthermore, such 180-enriched
samples could be reequilibrated with C02.
Isotope fractionation factors are zero
at infinite temperature. The data presented in Fig. 17 show that the fractionations do not decrease to zero raonotonically with increasing temperature,
but the fractionations become zero between basaltic melt and plagioclase at
about 1380 °C and between basaltic melt
and enstatite at about 1250 °C. At higher
temperatures the fractionations change
sign and increase in magnitude, but they
must again decrease to zero at infinite
temperature. Crossover phenomena in
isotopic fractionation factors are not at
all surprising, because they are observed
in other experimental systems (see Garlick, 1969) and can also be calculated a
priori. Their origin is due to the complex
manner by which thermal excitation of
the vibration of atoms contributes to an
isotope effect (Stern, Spindel, and Monse,
1968). The consequence of crossover in
the isotope fractionations among geologic
materials is discussed in the last section.
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Fig. 17. Difference at equilibrium in lsO content, A, between basaltic melt and plagioclase
and basaltic melt and enstatite versus l/T~.
Shaded boxes are phenocryst-groundmass fractionations observed in basalts. Crosses denote
exchange with 02; all others, exchange with C02.

Field Applications
The measured diffusion coefficients and
equilibrium isotope fractionation factors
can be directly applied to field problems
to estimate the length of time xenoliths
are in contact with magma and also to
explain the origin of low-180 mantle materials. Isotopic fractionations found
among coexisting phenocrysts in volcanic
rocks usually represent the equilibrium
fractionations at the temperature of extrusion (Anderson, Clayton, and Mayeda,
1971). Sometimes, isotopic disequilibrium results after the assimilation of 180rich crustal material. One such locality
(Muehlenbachs and Stone, Year Book 72,
p. 598), is Crystal Butte, Idaho, where
there is a porphyritic lava flow, exceed-

ingiy rich in partially molten gneissic
xenoliths. From the analyses of nearby
uncontaminated material, an estimate
can be made of what the primary lsO
values were. The observed values I Table
3) do not reflect isotopic equilibrium and
are enriched in lsO from assimilation of
the gneiss. The final equilibrium values
can be estimated because there is an excess of gneiss in the lava flow. The percentage of exchange between the gneiss
and the lava flow can thus be calculated.
From the diffusion coefficients measured
earlier, the activation energy, and equation 3,the length of time that the xenoliths were in the lava can be calculated.
For example,

at 1100°C the length

of
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TABLE 3. 8"0 Values (< << SMOW)

INSTITUTION

oi Xenoliths and Phenocrysts from

Crvstal Rut to. Idaho

Gneiss xenolith

Groundmass of lava
Plagioclase

A unite

nitial

Observed

Final

9.5
5.9

9.1
8.8

6.0
5.4

7.2
6.3

9.0
9.0
9.1
6.7

time calculated from the plagioclase is
15 years and from the pyroxene, 25 years.
The assumptions made in the calculation
are that 1 1 I the diffusion coefficients and
the activation energies are unaffected by
trace constituents in the lava, for instance, water; i2i the phenocrysts are
spherical; i3i the phenocrysts already
existed in the lava at the time of the assimilation; and i4) isotope exchange was
quenched when the lava solidified as observed in uncontaminated lava flows. It
would be most instructive to do similar
calculations from data on the lavas of the
Roman volcanic province in Italy, where
Turi and Taylor (1974) have shown from
oxygen isotope measurements that the
magmas had extensively assimilated
crustal material.
The range of isotope fractionation between the groundmass of natural basalts
and coexisting plagioclase or orthopyroxene is shown as shaded rectangles in Fig.
17. The fractionation is small and must
go to zero at infinite temperature. It is
therefore commonly believed that crystal
fractionation in basaltic magmas will not
alter the isotopic composition of the residual magma. The above experiments,
however, have shown that the fractionations do not decrease monotonically to
zero from the small values observed at

A residual magma (=basalt) derived by
extensive crystal fractionation at high
temperatures would be depleted of 180
because isotope fractionations between
silicate melt and other minerals such as
olivine should also have isotopic crossovers comparable to that of enstatite.
This process may be operating in the
enigmatic low-180 eclogites described by
Garlick, MacGregor, and Vogel (1971).
They deduced from textural and petrochemical arguments that the low-180
eclogites (2.2 to 3.8%P) represented residual liquids, whereas the eclogites rich in
180 (8%o) represented early crystals.
Garlick et al. (1971) suggested that the
high pressure at which these rocks formed
caused the reversal and increase in the
crystal melt fractionation factors. However, no pressure effect on isotopic fractionation factors has been found (Clayton
et al., 1972). The anomalous 180 content
of the eclogites is best interpreted as a
result of the reversal and increase of the
fractionation factors between mafic minerals and melts at the exceptionally high
temperature at which eclogite fractionation occurs.

mechanism for the origin of low-1H0
mantle material. The temperature of
melt- formed in a dry mantle at depths
greater than 30 km f>10 kbar) should

Although it can be argued that the
low-180 content of basalts found in Iceland (Muehlenbachs, Anderson, and
Sigvaldason, 1974), the Snake River
Plain, Idaho (Muehlenbachs and Stone,
Year Book 72, p. 598), and Antarctica
(Wenner, 1973) resulted from direct or
indirect interactions with meteoric water,
the above experimental data suggest the
possibility that the mantle under some or
all of these regions has been or is at present subject to an exceptionally high tem-

be above 1300°C

perature.

1 150°C but instead cross over and change
-ign. The observation of crossover in the
isotopic fractionation is significant because it may identify a petrochemical

(e.g., Kushiro, 1973).
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The Oxygen Fugacity
(/o2) as a
Variable During Partial Melting of
Peridotite in the Upper
Mantle
Bj0rn My sen*

Olivine, the major crystalline phase in
peridotite, discriminates strongly against
ferric iron. The other crystalline phases
in peridotite can accommodate only minor
amounts of Fe3+ under the conditions of
temperature and pressure of the upper
mantle. The composition of liquid coexisting with these minerals can be
nephelinitic, tholeiitic, or andesitic (Kushiro, 1969; Mysen and Boettcher, 1974)
but the Mg/(Mg + XFe) of liquid, particularly when the proportion of liquid is
small (<20% melt), is probably sensitive to /o„. Roeder and Emslie (1970)
have shown that in a system dominated
by olivine + liquid, ferric iron is fractionated into the liquid. Similarly, largescale fractionation of olivine from a basaltic magma is likely to have the same
result. It seems, therefore, that the total
iron content of any partial melt from
peridotite in the upper mantle depends on
the /o2 in the source region as well as on
the /o„ conditions during fractional crystallization.
To investigate this hypothesis a natural spinel lherzolite was partially
melted in the presence of pure H20 in
solid-media, high-pressure apparatus
similar to that described by Boyd and
England (1960) . Details of the phase relations of this peridotite have been reported byMysen (Year Book 72) and by
Mysen and Boettcher (1974). The /o2
was controlled with IW, MW, NNO, and
MH buffers, utilizing the technique described by Boettcher, Mysen, and Allen
(1973). The calculated oxygen fugacities
corresponding to these buffers under the
* Work carried out under a cooperative predoctoral fellowship program between the Geophysical Laboratory and The Pennsylvania
State University.

TABLE 4. The Log fa of IW, MW, XXO. and
-13.42
MH Buffers at, 1050°C and 15 kbar*
9.72
00
-1-0.
Buffer
7
log/o2,4.4atm

Iron-wiistite CfW)
Magnetite-wustite (M Wj

Nickel-nickel oxide (NNO)
Magnetite-hematite (MH)
*Data from Huebner, 1971.

conditions of pressure and temperature
used here appear in Table 4. Pure H/J
vapors in excess of that required to saturate the silicate liquid were used in these
experiments. The pressure (15 kbar) and
temperature (1050°C) were selected to
obtain run products of optimum quality
for optical and x-ray identification and
for chemical analyses with the electron
microprobe.
All liquids formed in these experiments
are plotted in a SFeO-MgO-SAlk diagram in Fig. 18. In bulk chemical composition, these liquids resemble andesite
(Boettcher, Mysen, and Modreski, 1974);
however, Mg/(Mg -f- SFe) increases
strongly and nonlinearly with increasing
/o2 (Fig. 19). The main increase I about
60%) occurs between /Oo (NNO)+ and
/o2 (MH). The Fo content of olivine
varies inversely (Fig. 19) , but these variations are within the range commonly accepted for olivine in the upper mantle
(Mysen and Boettcher, 1973). The small
variations in the olivine compositions are
expected because the modal olivine.'
liquid ratio is large ( >7). The slight decrease of the Mg/(Mg + SFe") of clinopyroxene (Fig. 19) suggests that some
Fe8+ enters the clinopyroxene structure.
The decrease of the Mg/(Mg + SFe) of
clinopyroxene between /o, (MW) and /o,
(MH) corresponds to an increase of 5%
in Fe3+/(Fe2+ + Fe3+), according to the
method of Fe3+ calculation proposed by
Mysen and Griffin (1973). The variat This symbol and the following denote the
oxygen fugacity of the material shown in
parentheses.
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nous in the orthopyroxene compositions
are smaller than those of clinopyroxene
(Mysen and Boettcher, 1974V Amphibole is a minor phase in those experiments, and the data oi Mysen and
Boetteher (1974) show that the Mg (Mg
— SFe) oi amphibole decreases from 0.92
to 0.83 over this /0> interval, corresponding to an increase oi less than 10rr of
Fes* iFe-' — Fes+). The composition of
liquid coexisting with garnet was not
studied because of difficulties in obtaining
reliable analyses of quenched hydrous
liquids at pressures corresponding to the
stability of garnet I >20 kbar). However, the Fev Fe~* of garnet in the upper
mantle is likely to he low (Troger, 1960;
Huckenholz and Yoder. 1971 1 . The presence of garnet will therefore not appreciably affect the Mg. (Mg + SFe) of
coexisting liquid. Traces (1-2%) of alumi-
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nous spinel are stable up to fo., (NNO),
whereas a few grains of magnetite occur
at V, (MH).
In general, the system peridotite -fmelt can be discussed in terms of olivine
-f- melt because these two phases make
up more than 80% of the system. Roeder
and Emslie (1970) demonstrated in natural basalt systems the same relation
between /0>, and olivine -f- liquid compositions as shown here. With increasing
/o2 at constant Ptotm, T, and /H.,o the total
iron content increases and the Mg/(Mg
+ SFe) of the liquids decreases in both
series of experiments, leaving behind a
residue enriched in magnesium.
The effect of /o2 (increasing from IW
to NNO
buffer) on "the
Fe*+/(Fe3+
+ Fe2+)
of
all crystalline
phases
is negligible.
Consequently, the geochemistry of mantle
peridotite that is residual after a melting

Na20+K20
Fir. 18. MgO-F< ()r-(S;i/J + K/J) for compositions of partial melts of spinel-peridotite + H20
at 15 kb;ir and 1050°C, where FeOi represents total Fe expressed as FeO. MH, /o2 of magnetite•itf- buffer; NNO, foa (>i nickel-nickel oxide buffer; MW, j<h, of magnetite-wtistite buffer; IW,
/o2 of iron-wustite buffer.
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Fig. 19. Mg/(Mg

+ 2Fe) versus f0s at 15 kbar and 1050°C.

event is not a reliable indicator of the /o2
conditions during such an event. The appearance ofmagnetite in the residue with
/o9 (MH) suggests that the presence of
magnetite in natural peridotite indicates
/o, > /o2 (NNO). However, the liquid
itself may display up to 20% variation of
Mg/(Mg -|- %Fe) before magnetite is
stabilized. If the /o„ varies between IW
and MH, Mg/(Mg + 2Fe) will vary as
much as 45% ! The variations of this
ratio cover those found in most basaltic
and andesitic rocks. In addition, Mysen
and Boettcher (1974) showed that reduction of Mg/(Mg + %Fe) of the starting
material from 0.89 (similar to that used
in these experiments) to 0.83 reduces the

Mg/(Mg + 2Fe) of a melt by about
15% (absolute value) at fixed P. T. fHoo,
and /o2. Mg/(Mg + 2Fe) is often taken
as an indicator of whether a liquid could
be a direct partial melting product of
mantle peridotite (Mg/(Mg + -Fe) >
0.7; e.g., Green 19736) . The present data,
however, combined with those of Mysen
(Year Book 72), and Mysen and Boettcher
(1974), show that the Mg (Mg -f %¥e)
of such liquids can be between about 0.9
and 0.3, depending on the /o9 and the
Mg/(Mg + SFe) of the parental material. Consequently, the Mg/(Mg -f- ^Fe I
of a magma alone is inconclusive insofar
as the Mg/(Mg + SFe) of the parent is
concerned, unless /o„ is known at the time
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of formation and during the magma's ascent to the surface.
Phase Relations of Garnet Websterite
-j-HoO to 30 kbar Pressure*
Bjom Mysertf
It has been shown that partial melting

of both synthetic and natural peridotitc
compositions at high pressures produces
andesitic liquids, provided the activity of
HjO is sufficiently high (Kushiro, 1969.
1972a; Mysen et aZ., 1974). The rocks
rich in garnet — clinopyroxeno (garnet
websterite. or eclogite. or both) may also
be the parent oi liquids formed in the
upper mantle. Such rocks are chemically
distinct from peridotite but have strong
chemical affinities with olivine tholeiite
i Beeson and Jackson. 1970). It is thus
expected that the melting behavior of
garnet websterite composition* would be
more closely related to tholeiite than to
peridotite. In peridotite + H2 O systems,
the melting behavior of the mineral pair
olivine -V orthopyroxene as a function of
ae o determines whether the liquid is
quartz- or olivine-normative (Mysen,
Year Book 72, p. 476). Natural olivine
tholeiite has been shown to yield quartznormative liquids at high pressures only
inside the stability field of amphibole
• Allen et al., 1972; Holloway and Burnham, 1972; J. C. Allen, personal communication. 1973 1. The potential for such
contrasted inciting behavior of two main
candidates
for upper mantle materials
' This re search was done at The Pennsylvania
University supported by Grant GA 12373
from the National Science Foundation to A. L.
Bo< ••'■/.' i .
f Work carried out under a cooperative predoctoral fellowship program between the Geophysical Laboratory ;ind The Pennsylvania
State University.
t Thf term "garnet websterite composition"
l- used here to refer to the chemical composition of the starting material. The subsolidus
assemblages, however, are those of amphibolite -f- H20 Clow pressure) and garnel
amphibolite f H.O (high pressure).
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(websterite and peridotitc) prompted this
investigation.
A natural garnet websterite nodule
from a nepheline basalt tuft, Salt Lake
Crater. Hawaii (Beeson and Jackson,
1970), was kindly supplied by Dr. E. D.
Jackson fortius study. Bulk composition
and mineral chemistry, as published by
Beeson and Jackson (1970), appear in

Table 5.

All experiments were conducted in the
solid-media, high-pressure equipment at
The Pennsylvania State University
(Boettcher and Wyllie, 1968) and at the
Geophysical Laboratory (Boyd and England, 1960) using furnace assemblies %
inch in diameter and a friction correction
of — 12% on piston-in experiments. All
other experimental details are similar to
those described by Mysen (Year Book
72, pp. 468-469).
The furnace design and materials define /o2 in such experiments (Allen et al.,
1972; Mysen et al, 1974; Eggler, Mysen,
and Hoering, this Report) and affect the
SFe-Mg distribution between crystals
and melt whenever ferric iron enters
some, but not all, of the phases present
(Roeder and Emslie, 1970; Mysen, this
Report). The furnace assembly described
by Boettcher and Wyllie (1968), which
controls /Oo close to the NNO buffer (Allen et al., 1972), was used in all experiments. The experiments were otherwise
unbuffered.
The P-T projection of the phase relations of garnet websterite composition in
the presence of excess H20 appears in Fig.
20. The solidus temperatures are similar
to those of gabbro + HaO (amphibolite
+ H20) given by Lambert and Wyllie
(1972), as would be expected from the
chemical similarity between the two rock
types, However, the solidus is significantly below that of peridotitc + H20
(Mysen, Year Book 72, p. 472) because
the garnet websterite composition initially melts at the expense of plagioclase,
whereas the initial melting of pcridotite
involves olivine + pyroxene
(Merrill,
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Garnet|

5. Compositions of Starting Materials41

Bulk Hock

Clinopyroxenet

Orthopyroxenef

Si02
Ti02
A1208
Fe203
FeO
MnO
MgO
CaO
Na20
K20
H20 +

45.58
0.80
13.69
3.76
5.85
0.16
16.09
11.78
1.27
0.02
0.35

47.31
0.97

49.96

11.37

10.99
7.86|

0.34
11.1
7.61 1%

0.41
22.92
1 1 .90:

0.16

0.16

14.86
14.23
1.67

26.50
2.41
0.26

0.32
18.28
5.02

...

...

...

C02
H20Cr203
NiO

0.32
0.09
0.12
0.06

0.05

0.11

Totals

0.10

99.94

98.15

100.33

98.40

* Analyses from Beeson and Jackson (1970).
fThe samples display extensive exsolution phenomena. The analyses are reconstructed by Beeson
and Jackson (1970).
JTotal iron as FeO.

Robertson, and Wyllie, 1970) . The ab- guishes this rock from gabbro + HoO
sence of super-solidus plagioclase in the (Lambert and Wyllie, 1972). The abgarnet websterite composition
distinsence of plagioclase is probably related to

Ga+Cpx+Opx+01+Liq+V

30
25

Ga+Cpx+Amph+
+Cpx+OI+Liq+V

o

-Q

;2oCL

1

0

B B Cpx+Amph+ h
b^ +OpX+OI+Sp+/s
SV +Lia+V
/

KJUS
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MOO

Sp+

\ Liqr
v
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25
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Temperature, °C
Fig. 20. Pressure-temperature projection of phase relations of garnet websterite composition in
the presence of H20. Abbreviations: Amph, amphibole; Cpx, clinopyroxene ; Ga. garnet: Liq.
liquid; 01, olivine; Opx, orthopyroxene ; Sp, spinel; V, vapor.
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+ -Fe) of coexisting phases as a function of temperature.

the low-alkali content of the garnet websterite starting material.
In contrast to most basalts (Allen
ft al.} 1972i amphibole does not occur on
the pyroxenite liquidus above 10 kbar.
Fractional crystallization of amphibole
from hydrous basaltic melts is often suggested for the formation of andesite magma from basaltic liquids (e.g., Holloway
and Burnham, 1972). However, amphibole
- not precipitate until 30°-50°C below the liquidus in these experiments
i > 70 yr crystals ) . Thus, it is not possible
for a wet magma of garnet websterite
composition to yield andesite liquid ditly by loss of amphibole. Lowering of
nu ,, could conceivably change this feature (see Eggler, Year Book 72, pp. 491 —
VJ~>. for a discussion of the effect of aH.,0
on the melting behavior of hydrous mineral-,).
The Mg (Mg + SFe) ratios of all
phases in the experiments increase with

increasing temperature (Fig. 21). As
with peridotitic rocks, amphibole and
clinopyroxene become increasingly tschermakitic with increasing temperature. The
amphiboles have a higher Al3+/Si ratio
than those from peridotite under similar
P, T, and /H.,o conditions (Mysen, Year
Book 72, p. 471 ) , reflecting the higher
Al3+/Si
ratio in the starting material used
here.
Partial melting of garnet websterite
composition in the presence of H20 results in quartz-normative aluminous
liquids within the amphibole stability
field (Table 6). As shown in Table 6,
such liquids become olivine-normative at
temperatures above the upper stability
of amphibole. The quartz-normative
liquids are somewhat too rich in Ca and
Al to be called andesite (Chayes, 1969).
This result is possibly related to problems
with olivine and amphibole crystallizing
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6. Liquid Analyses Recalculated on

Dry Basis

L010°C,
15 kbar

1080°C,
17 kbar

1J00°C,
J 5 kbar

L130°C,

1150°C,

15 kbar

15 k\>hr

Si02
Ti02
A1203

57.3

58.9
0.6
20.6
1.7

56.5
1.0

50.4

20.7
1.5

0.9
\r>.r,
4.9

\&A
1.0
14.7

MnO
FeO*
MgO
CaO

0.3
2.1
11.4
3.7

Na2Ot
K20
Totals

Quartz
Orthoclase
Albite
Anorthite
Nepheline
Diopside
Wollastonite
Hypersthene
Olivine
Ilmenite

0.4
22.0
2.6

0.1
2.4
12.8
2.8

0.2
2.6
15.1
2.4

0.1
99.9

0.1
99.9
CIPW
16.6
0.6

12.9
0.6
31.3
48.6

23.7
51.5

3.8
2.3

3.2

100.1

0.1
100. 1

13.4

0.6

1.1

5.7
18.5
0.]
1.3
12.3
0.1
100.1

Norm
0.2
20.3
51.3
6.5
6.5

3.4
0.8

0.2
13.7
12.8
1.6

1.9

14.4
34.4

10.0
34.3
0.6

22.9

21.2

10.4
15.8
1.5

1.9
32.1

*Total iron as FeO.
fNa20 recalculated from composition of coexisting phases and estimated modal composition of
experimental charge.

from the liquid during quenching of the
experiments. The general picture is similar to that of basalt in that the liquids are
quartz-normative only within the stability field of amphibole (Holloway and
Burnham, 1972; J. C. Allen, personal
communication). In peridotite, however,
the presence of amphibole does not control the liquid composition (Mysen, Year
Book 72, p. 476). Because of the small
difference in Si02 content between the
garnet websterite starting material and
the amphiboles themselves (Tables 5 and
7 ) , the proportion of liquid must be less
than about 10% of the charge for the
liquid to maintain its quartz-normative
character. The observed proportion of
liquid in the experimental charges is less
than 10% over the entire amphibole stability field.
In summary, it seems that the upper
mantle is capable of producing quartz-

normative (andesitic) liquids by direct
partial melting under hydrous conditions
irrespective of whether the mantle is predominantly peridotite or pyroxenite. The
mechanisms governing the formation of
such liquids are different in the two cases.
For peridotite, the melting behavior of
the assemblage olivine + orthopyroxene
controls the liquid composition (Mysen,
Year Book 72, p. 476), and this melting
behavior is thus controlled by the aHoo
to at least 35 kbar pressure and temperatures above 1100°C. For pyroxenite
(<10% olivine + orthopyroxene I the
presence of amphibole is required to
maintain the quartz-normative I andesitic) character of the liquid. The P T
field for the generation of andesite from
garnet websterite composition in the presence of H20 is thus strongly limited i Fig.
20) and does not necessarily depend on
aH.,o as long as this parameter is siiffi-
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7. Compositions oi Crystalline Run Products

Amphibole

Clinopyroxene

pyroxene
Ortho-

Olivine

Garnet

950°C,
7.5 850°C,
15 950°C,
15 1010°C,
15 L060°C,
21.5 950°C,
7.5 950°C,
7.5 1100°C\
15 900°C,
15
kbar
kbar
kbar
kbar
kbar
kbar
kbar
kbar
kbar
SiOi
TiOi

44.9
1.32
14.08

a: 0

MnO

IYO*
Mct»
CaO
Xa:0
Cr:C,
K .i>
NiO,
Totals

5.1
0.12
17.47
11.7
1.98
0.06
0.42
0.03
97.18

45.1
0.93
11.5
6.8
0.04
17.7
10.8
2.6
0.07
0.05
0.09
95.68

23
<»

Si

V
TiA1I
1
V
1
FeMAg

Md

Ca

Xa
K

Cr
Xi
Mg

iMg + Fe)

6.374
1.626
0.912
0.137
0.595
0.012
3.693
1.774
0.540
0.008
0.045
0.86

23
6.543
1.453
0.519
0.098
0.822
0.004
3.817
1.683
0.720
0.009
0.004
0.009
0.82

44.9
1.33

51.1
0.47
4.6
4.07

13.73
3.5
0.17
19.2
13.0
2.2
0.05
0.14
0.08

0.16
16.0
0.38
22.1
0.02
0.25
0.09

51.8
0.24
3.73
2.68
0.19
17.4
23.21
0.23
0.02
0.58

100.08
98.30
99.24
23
Che mica! Formulae
6
6
1.888
1.881
6.294
1.706
0.112
0.119
0.047
0.081
0.562
0.006
0.105
0.013
0.125
0.081
0.410
0.005
0.007
0.020
0.877
4.011
0.942
0.906
0.875
1.953
0.598
0.015
0.027
0.001
0.009
0.005
0.016
0.007
0.009
0.001
0.88
0.91
0.92

53.7
0.24
4.39
9.1
0.13
30.5
0.81
0.09

40.00

41.9

40.8

0.37
22.9
13.8
45.8
0.16
0.11

11.81
0.21
7.2
50.6
0.15
0.11

0.09
0.01

0.25

0.09

99.06

100.18

100.26

0.34
17.98
5.17
. . .
0.17

99.54
6
1.898
0.102
0.080
0.006
0.266
0.003
1.607
0.030
0.006

4
0.999

0.287
0.003
1.702
0.003

0.002
0.86

0.004
0.86

4
1.011

0.145
0.004
1.820
0.004
0.004
0.001
0.93

24
0.078
5.922
3.838
0.038
1.432
0.034
3.893
0.801

0.017
0.73

*Total iron as FeO.

ciently high to keep
super-solidus phase.

amphibole

as

a

The System Forsterite-AnorthiteAlbite-Silica-H20 at 15 kbar and
the
Genesis
of Andesitic
Magmas
in the
Upper
Mantle
/. Kuahiro

{ feneration of rale-alkaline andesite
magma by partial melting of hydrous
upper mantle is: an attractive hypothesis
to explain the mode of occurrence of calealkaline andesite- in island arcs and
continental margin- (e.g., Yoder, 1969).
This hypothesis, however, is not universally accepted because of the absence

of supporting critical experimental data,
and arguments are still being raised
among several different research groups
(e.g., Mysen et al., 1974). To produce a
definitive solution to this problem, experimental studies on synthetic systems
close in composition to calc-alkaline andesite are required. In the present experimental studies, the phase equilibria on
the join forsterite-plagioclase (CaAl2Si208
50, NaAlSi308 50 wt % ) -silica-H20 of
the system forsterite-anorthite-albitesilica-HoO have been determined at 15
kbar total pressure. The phase equilibria have also been determined in the same
join with the addition of the KAlSi^Os
component.
The experiments were carried out in
sealed Pt tubes in a solid-media, high-
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pressure apparatus. The conditions of
the runs are as follows: temperature
range, 1150°-870°C; run time, 2-6 hours;
H20 content, 23-31 wt %. The liquidus
surface diagram of the join forsteriteplagioclase (An5oAb50 by weight) -silicaHoO at 15 kbar in the presence of vapor,
based on runs on 16 different mixtures, is
shown in Fig. 22. Both forsterite and enstatite solid solution (A1203 2.5-4.5 wt

% depending on temperature) have wide
liquidus fields. Near plagioclase composition, there is a narrow liquidus field of
pargasitic amphibole (one analysis:
Na20, 2.84; MgO, 21.7; A1203, 14.5; CaO,
10.9; Si02, 47.9 wt %). Plagioclase and
quartz are assumed to have narrow liquidus fields near the join plagiocla.se-SiO..
At point A, which is a piercing point,
forsterite, enstatite solid solution, and

CaA[2Si208 50
NaAISi308 50

Mg2SiO<

MgSl'Cb

Weight percent

Fig. 22. Equilibrium liquidus diagram of the system forsterite (Mg-SiOJ-plagioclase (CaAlaSkOs
50, NaAlSisO* 50 wt %)-Si02-H20 at 15 kbar. The liquidus boundaries are those under vaporpresent conditions. Point A (1000° ± 20 °C) is the piercing point forsterite (Fo) + enstatite solid solution (En8S) + amphibole (Am) + liquid + vapor. Dotted lines are Fo-Enss and Enss-Am liquidus boundaries. Point B is the estimated piercing point on the 10 wt % KAlSisOs plane of the system forsterite-plagioclase (An-.oAb.-^-KAlSiaO.s-silica-HaO at 15 kbar. Circles are compositions of
the mixtures on the plane forsterite-plagioclase (An5oAb.-,o) -silica, and dots are those on the 10rir
KAlSisOs plane. Dashed boundaries near the join plagioclase-silica have not been determined.
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TABLE S. Composition of Piercing Point .4 and Electron Microprobe Analysis of Hydra ted
Glass in the System Forsterite-Plagioclase-SiOs (AnsoAbso by weight)-H»0 at 15 kbar
and Piercing Point B in the Same System with 10rr KAlSisOs
Electron Microprobe
Composition o\
Piercing Point .1 *

Ana lvsis of
Hvdrat ed Class.t
20 pi n beam

Composition of

Piercing Poin

Recalculated
to 100%

SiOi

59.7

A1;0;

21.3

MgO

O.SS

1 0

7.66

NadO

4.49

Totals

51.6
20.0

A1,03

58.6
22.7

Fe203

5.75

6.53

7.21

8.19
3.93

3.46
88.02J

100.08

tB

SiOa

FeO
MgO
CaO
Na20
K20
Total

Norm

60.8
20.8
QOr

10.0
7.7

An

33.8

5.93

Ah

33.8

6.80

En

14.8

3.99
1.69
100.01

*Forsterite + enstatite solid solution + amphibole + liquid + vapor.
^Coexisting with forsterite, enstatite solid solution, and amphibole.
JThe rest should be HjO; however, the amount of H20 dissolved in the melt during the run must
be greater than the difference (^12 wt %).

amphibole coexist with liquid and vapor
at about 1000CC. At about 980°C, forsterite disappears and diopsidic clinopyroxene crystallizes with enstatite solid solution and amphibole, indicating that the
reaction point where forsterite, enstatite
solid solution, diopside solid solution, and
amphibole coexist with liquid and vapor
exists close in both temperature and composition to point .4. This reaction point
i> pertinent to the melting of amphibolebearing lherzolite. The composition of
piercing point A was determined from the
phase equilibria (Table 8, column 1).
The composition of this point was also
rmined by analyzing with the electron microprobe the glass coexisting with
small amounts f <20 volume % i of forsterite, enstatite solid solution, and amphibole (Table 8, column 2). This analysis was made on areas of glass at least
30 //in away from crystalline phases with
a 20 /mi electron beam and a 0.019 /;.A

specimen current. The total of the analysis is 887©; the remainder would most
likely be H20. The analysis, when recalculated to 100%, is very close to the
composition of piercing point A determined by the phase-equilibria method,
Na20 in the microprobe analysis is about
0.5 wt % lower, however, than that determined by phase equilibria. This low
value is probably due to the volatilization of Na during the analysis.
In the analysis of glass, it was found
that the glass near the forsterite crystals
is considerably lower in Mg and higher in
Si and Al than that far from the crystals.
The compositional variation of the glass
near a forsterite crystal obtained with a
2 ^m electron beam is shown in Fig. 23.
Similar compositional variation is observed in the glass formed in a highpressure run on natural garnet lherzolite
but is not observed in the glass formed in
the 1-atm quenching experiments
(Ku-

GEOPHYSICAL

LABORAT

247

0 R Y

shiro, this Report). Such compositional
variation would probably be due to the
overgrowth of forsterite during the
quenching, as suggested by Green (1973a)
and Cawthorn et dl. (1973).
The composition of piercing point A
obtained by two different methods is rich
in silica and closer to the compositions of
calc-alkaline andesites than to those of
basalts. This system, however, does not
contain K20, which is a significant oxide
component in andesites. Preliminary experiments have therefore been made at
15 kbar with the addition of 10 wt % of
the KAlSi308 component.
The liquidus boundary and piercing
point B where forsterite, enstatite solid
solution, and amphibole coexist with
liquid and vapor are shown in Fig. 22.
The boundaries and piercing point are
shifted slightly toward silica by the addition of 10% KAlSi308. Piercing point B
( <1000°C) is close. to the composition of
liquid formed by partial melting of pargasite-bearing harzburgite in the presence
of vapor at 15 kbar. As mentioned before,
the reaction point where forsterite, enstatite and diopside solid solutions, and
amphibole coexist with liquid and vapor
should be close to the piercing point.
Therefore, the composition of the liquid
formed by partial melting of pargasitebearing lherzolite should also be close to
that of piercing point B. The composition
of piercing point 5, estimated from the
phase equilibria (Table 8, column 3), is
slightly more silica-rich and less MgOrich than the composition of piercing
point ^4, containing 7.7% normative
quartz, and is closer to the compositions
of calc-alkaline andesites.
In both the KoO-free and the K20bearing systems, the compositions of
liquids coexisting with forsterite and enstatite solid solution do not change significantly with increasing temperature.
For example, the composition of the
liquid at 1075°C (about 75°C higher
than the piercing point) is still high in
silica (62 wt %).

*3

MgO

6
5

Hydrated

glass

10
20

0

0

Fig. 23. Variation of MgO in hydrated glass
near a forsterite crystal. The run was made on
the composition E^An^-Ab^..- wt % with 25
wt % H,0 at 15 kbar and about 1000 °C. Solid
circle is the analysis
with a 20-/i.m beam in
- made
- 2the
an area far 1from
crystals.

The composition of piercing point B is
close to the electron microprobe analysis
of glass formed from a natural spinel
lherzolite at 19.5 kbar and 1100°C (Mysen et al., 1974) , indicating that this composition isa reasonable partial melting
product of spinel lherzolite under excessH-.0 conditions.
The present experimental results indicate that liquids similar in composition
to calc-alkaline andesites can be formed
by direct partial melting of hydrous
upper mantle peridotite at least at 15
kbar, that is, in the shallow part of the
upper mantle under excess H20 conditions. They support the suggestion that
calc-alkaline andesite magma can be
formed by partial melting of a hydrous
upper mantle (e.g., O'Hara, 1965; Yoder,
1969; Kushiro, 1972a; Mysen et a/.,
1974).
Beneath active island arcs and continental margins, a subduction zone is believed to exist. In this zone, H20 is probably present in hydrous minerals such as
amphibole and mica. Such hydrous minerals will break down to anhydrous minerals and HoO with increasing temperature and pressure in the subduction zone.
The HoO released by the breakdown of

pm
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hydrous minerals will ascend through the
mantle above the subduct ion zone. When
the temperature reaches the hydrous
solidus of the mantle, melting takes place
and andesitic magma will be generated,
as suggested by McBirney (1969). The
depth where andesitic magma forms by
this process is not known, but it is probably shallower than SO km.
Pressure Effect ox the Changes of the
forsteritk-kxstatite llquidus boundARY with the Addition of Other

( Nations and the Genesis of Magmas
/. Kushiro
Last year it was found that the liquidus field of olivine expands relative to
that oi pyroxene and the liquidus field of
pyroxene expands relative to those of
silica minerals in the presence of oxides
of monovalent cations (H20, KL»0, and
Na20), whereas the opposite relations
hold in the presence of oxides of polyvalent cations (TiOo and PoO.-O (Kushiro,
Year Book 72, pp. 497-502). For a wider
application of these changes to the genesis of magmas, the study has been extended to establish the effect of pressure
on the changes. For this study both 1-atm

MgSiOj
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and high-pressure experimental data are
required to evaluate systems including
oxides of monovalent cations. Experimental data are available on the systems
Ti02-MgO-Si02 and CaO-MgO-SiO,
(Massazza and Sirchia, 1958; MacGregor, 1969; Kushiro, 1969, 19726).
Sufficient experimental data are not available, however, in systems including
oxides of monovalent cations. Experiments were therefore carried out at 20
kbar to determine the forsterite-enstatite
liquidus boundary in the system K20Mg()-Si(\>, which shows the largest shift
of the forsterite-protoenstatite liquidus
boundary toward silica at 1 a tm (Roedder, 1951a).
All the experiments in the system K20MgO-SiOo at 20 kbar were made in
graphite capsules with solid-media, highpressure apparatus. Starting materials of
five different compositions were made by
mixing K20-2Si02, K20-6Si02, and enstatite glass in the requisite proportions.
Because of the volatilization of potassium
at high temperature, the mixtures were
not fused but were ground in acetone to
obtain homogeneous mixtures. The results of the runs at 20 kbar are shown in
Fig. 24. For mixtures shown by open
circles in Fig. 24, forsterite and glass were

30
20
MgO Weight percent

Fig. 24. Liquidus boundaries between forsterite (Fo) and protoenstatite (Pi) at 1 atm (Roedder, 1951a) and between forsterite and enstatite (En) at 20 kbar (this study) in the system KcOMgO-SlO:.
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Fig. 25. Shift of the liquidus boundary between forsterite and protoenstatite at latm, compared with
that between forsterite and enstatite at 20 kbar, in the systems K20-MgO-Si02. CaO-MgO-Si02,
and Ti02-MgO-Si02.

obtained just below the liquidus; whereas
for those shown by solid circles, orthoenstatite and quench crystals with or
without glass were obtained. The forsterite-enstatite liquidus boundary at 20
kbar drawn from these data is shifted
considerably toward forsterite, compared
with the forsterite-protoenstatite liquidus
boundary determined by Roedder (1951a).
Figure 25 summarizes the shift of the
forsterite-enstatite (or protoenstatite at
1 atm) liquidus boundary in the systems
K20-MgO-Si02, CaO-MgO-Si02, and
Ti02-MgO-Si02 with increasing pressure.
The liquidus boundary for K20 is shifted

by about 15 mole % Si02 in the K20-rich
portion of the system, and that for CaO
is shifted by about 5% in the CaO-rich
portion of the system; whereas that for
Ti02 is slightly shifted toward silica in
the Ti02-rich portion and away from
silica in the Ti02-poor portion of the system.
Additional data are available on the
shift of the forsterite-enstatite liquidus
boundary with pressure. Kushiro ( 1968 )
showed that this liquidus boundary shifts
strongly away from silica with increasing
pressure in the system Mg2Si04-XaAl
Si04-Si02. Recently Eggler (this Report I
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demonstrated that COa shifts the forsterite-enstatite liquidus boundary away
from silica in the system Mg2Si04-OaMg
Si206-Si02-C02. He also showed that the
boundary shifts away from silica with
increasing pressure from 15 to 30 kbar.
In contrast, H20 shifts the forsteriteenstatite liquidus boundary toward silica
(Kushiro, 1909. 1972/); Warner. 1973).
With increasing pressure, the H-_>0-saturated liquidus boundary would also shift
away from silica, although this has not
been well demonstrated. In the system
Mg2Si04-NaAlSi04-Si02-H20, the HL>0saturated forsterite-enstatite liquidus
boundary shifts away from silica with
increasing pressure; this system contains
both, Na20 and H20, however, and the
effect of pressure on H^O cannot be separated from that on Na20.
Figure 26 is a schematic diagram showing the effects of oxides of both monovalent and polyvalent cations on the
shift of the forsterite-enstatite (or protoenstatite) liquidus boundary. The effect

Na20

■+ Si02
Olivine

Fig. 26. Schematic diagram showing the shift
of the forsteritic olivine-Ca-poor pyroxene (enstatite and protoenstatite) liquidus boundary
with the addition of oxides of monovalent cation- (HaO, K20, and Xa20) and those of polyvalent cations ^C02, P20.-,, and Ti02). The shift
of the same boundary with increasing pressure
o shown schematically.
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o\ pressure on the shift of the boundary
is also shown.
Magmas formed by partial melting of
lherzolite or harzburgite and those
formed by fractional crystallization of
olivine and orthopyroxene lie on the
olivine-orthopyroxene liquidus boundary.
It is suggested from Fig. 26 that such
magmas must be silica-rich in the presence of HoO, K20, and NaL>0 at relatively
low pressures. With increasing pressure,
however, magmas become less silica-rich,
even in the presence of H20, K20, and
Na20. In the presence of oxides of polyvalent cations such as Ti02, COL>, and
P-jO.-,, magmas formed by the above processes become silica-poor, even at relatively low pressures. With increasing
pressure, magmas become successively
poorer in silica. It is suggested, therefore,
that high-silica and high-alkali magmas
(e.g., calc-alkaline andesite magma) can
be formed by partial melting of upper
mantle peridotite in the presence of H20,
KoO, and Na20 at relatively low pressures—(' 15 kbar, see Kushiro, this Report) .On the other hand, low-silica and
high-alkali magmas (e.g., alkali basalt
and kimberlite magmas) would be expected to form at high pressures, because
high pressure is necessary to reduce the
strong effects of alkalies in shifting the
forsterite-enstatite liquidus boundary toward silica. This conclusion is similar to
that obtained by previous experimental
studies (e.g., Yoder and Tilley, 1962, p.
509) but is obtained on a different basis.
Alkali basalt magmas are also enriched
in Ti02 and P2Or, (and some of them
probably in CO.,), although the concentrations of these elements are not very
large. Because these oxides reduce the
silica activity of magma coexisting with
olivine and orthopyroxene, high pressure
is not required to generate low-silica and
high-alkali magmas if the amounts of
these oxides are significantly large.
The present studies are consistent with
the results on the melting of phlogopite-
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bearing peridotite. Phlogopite is a critically silica-undersaturated mineral, and
melting of phlogopite-bearing peridotite
might be expected to produce silica-undersaturated magmas. Phlogopite contains
significant amounts of H^O and Ki>(),
however, which shift the olivine-orthopyroxene liquidus boundary toward silica at
relatively low pressure, resulting in the
generation of a relatively silica-rich
liquid. Modreski and Boettcher (1973)
have shown that liquids coexisting with
forsterite, enstatite, and phlogopite are
silica-saturated at least up to 15 kbar,
indicating that the effects of monovalent
cations in phlogopite actually overcome
the solution effect of phlogopite, and
liquid becomes silica-rich. They also
showed that at pressures higher than 20
kbar the liquid becomes silica-undersaturated. This result is also consistent
with the shift of the forsterite-enstatite
liquidus boundary with increasing pressure in the system K20-MgO-Si02 shown
above.
The Solubility of H20 in
Silicate Melts
F. N. Hodges

Recent research on the role of volatiles
in magma generation (e.g., Eggler, this
Report; Kushiro, this Report) and speculation that the low-velocity zone in the
upper mantle is a result of hydrous melting brought about by the breakdown of
amphibole (Lambert and Wyllie, 1968)
make it important that the nature and
extent of interaction between water and
silicate melts be carefully defined.
Eggler {Year Book 72, pp. 457-467)
reported the solubility of HL>0 in diopside
and enstatite melts at 20 kbar. Hodges
(Year Book 72, pp. 495-497) reported
the solubility of H20 in forsterite melt at
20 kbar and combined the solubility data
at 20 kbar with data at 10 kbar for enstatite (Kushiro and Yoder, Year Book
67, pp. 153-154)
and
for anorthite
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(Yoder, Year Book 67,, pp. 82-89) to
show that, within the accuracy of experimental data, the solubility of \\J) in
these silicate melts is a function only of
total pressure when solubilities are calculated on equal oxygen content of the
silicate species.
In this report the solubility data for
forsterite and diopside have been extended to 30 kbar. Experimental procedures are the same as those reported by
Hodges {Year Book 72, pp. 495-497 1 .
The diopside used in this study was synthesized byD. H. Eggler and is identical
with the material used in the determination of H20 solubility at 20 kbar.
Phase relations in the system Mgu
Si04-H20 at 30 kbar are presented in Fig.
27. Phase fields shown are identical with
those described by Hodges ( Year Book
72, pp. 495-497). The water-saturated
solidus at 30 kbar has been located at
1375° ± 10°C, in agreement with the
results of Kushiro and Yoder ( Year Book
67, pp. 82-89). The amount of water
necessary to saturate forsterite melt at
30 kbar is 27.0 ± 1.0 wt % (74.3 mole %).
Phase relations in the system CaMgSio
06-H20 at 30 kbar are shown in Fig. 28.
The water-saturated solidus at 30 kbar
has been located at 1265° ± 10 °C. approximately 25°C aboAT the watersaturated solidus at 20 kbar reported by
Eggler (Year Book 72, pp. 457-467).
The solubility of water in diopside melt
at 30 kbar is 21.5 ± 1.0 wt °/c (74.4 mole
The apparent increase in the temperature of the water-saturated melting curve
%)•
between 20 and 30 kbar in Fig. 29 is extremely interesting but needs confirmation at higher pressures. It is apparent
that the water-saturated melting curve
has become very steep near 20 kbar. and
it seems reasonable to believe that it is
passing through an inflection point near
20 kbar with dP/dT > 0 at higher pressures. Inflections in water-saturated melting curves, brought about by changes in
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Davis and England (1964).

the relative densities of silicate + vapor
and hydrous melt, have been postulated
by various workers (Barth, 1962; Kadik
and Khitarov. 1963; Smith, 1963) but
have not previously been observed experimentally. Electron microprobe analyses of crystalline diopside formed in experimental runs at 30 kbar show no
detectable deficiency of Si in diopside,
indicating that the formation of hydropyroxene by the substitution Si ?± 4H+
(Sclar, Carrison, and Stewart, 1967) is
not responsible for the inflection in the
diopside melting curve.
The effect of the inflection in the watersaturated pyroxene melting curve is
masked in natural rock systems by the

-

I

30

Anhydrous melting point from

effects of phase changes such as albite ^±
jadeite -f- quartz, quartz ^± coesite, and
the breakdown of amphibole. However,
PI1
at least part of the decrease in the dP/dT
saturated melting curves of natural rock
systems at pressures greater than 20 kbar
(Lambert and Wyllie, 1972; Mysen, Year
Book 72, pp. 467-478) is probably a result of the inflection in the pyroxene
melting curves.
The presence of an inflection point in
the water-saturated melting curve of
diopside near 20 kbar makes possible the
estimation of the partial molar volume of
water in diopside melt at 20 kbar. At the
inflection point dP/dT -» co, thus the
volume change during fusion, AV = 0,
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and the partial molar volume of water in
the diopside melt can be written as
= V
H20

H20

+

•^H20

Di

Xm(V°m-V

diopside in the melt (F*mh2o)- With the
above data, the solubility of water in
diopside melt at 20 kbar, A"H9o (Eggler,
Year Book 72, pp. 457-467), can be used
to calculate a partial molar volume of

where Vji represents the partial molar
volume of component i in phase j, Xi represents mole fraction of component i,
superscripts m = melt and o = pure substance, and subscripts H20 = water,
Di = diopside. The molar volume of
water at 20 kbar and 1240 °C can be estimated from the data of Rice and Walsh

water in diopside melt P"H.,o = 16.5
cm3/mole.
The value of 16.5 cm3/mole for the
partial molar volume of water in diopside
melt is remarkably near the value 18.2
cm3/mole for the molar volume of free
water at 20 kbar and 1240 °C estimated
from the data of Rice and Walsh. Thus,

(1957), and the molar volume of diopside can be calculated from the compressibility data of Bridgman (1948) and the
thermal expansion data of Finger and
Ohashi (in preparation). The melting
data for anhydrous diopside (Boyd and
England, 1963) can be used, assuming that
the heat of fusion is constant, to calculate
the volume change during fusion at 20
kbar, and the volume change can be used
to estimate the partial molar volume of

the indicated volume change T'"Hi(, —
F'"h0o for water in diopside melt at 20
kbar is much smaller than the values observed for albite melt at pressures less
than 10 kbar. This small change in volume offers the first direct evidence that
at high pressure, water enters silicate
melt as discrete water molecules (Shaw,
1964; Hodges, Year Book 72, pp. 495497) as well as OH" ions, probably the
dominant mechanism
at pressures less
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than 10 kbar (Hamilton. Burnham. and
Osborn, 1964; Burnham and Davis. 1971 1.
Solubility data for forsterite and diopside at 30 kbar do not show the remarkable regularity that was found at 10 and
20 kbar. Figure 30 is a plot of the square
root of water fugacity versus water solubility in mole percent. The water solubility data have been recalculated on the
basis oi 8 formula oxygens for ease of
comparison, and water fugacity has been
estimated by the method of Hollowav,

INSTITUTION

Kggler. and Davis (1971). In the pressure range 20-30 kbar the solubility of
water in diopside melt does not increase
as rapidly with pressure as the solubility
of water in forsterite melt, probably a
result of the inflection near 20 kbar in the
water-saturated diopside melting curve.
If the inflection in the diopside melting
curve is responsible for the deviation
above 20 kbar, then other mineral species
such as forsterite, enstatite, and garnet,
for which there is no evidence for an in-
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Fig. 29. Water-saturated and anhydrous molting rurves for diopsido (Yoder, Year Book 04, pp.
82-80: Eggler, Year Book 72, pp. 457-467; Boyd and England, 1963).
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percentages calculated with mineral formula oxygen equal to 8.

flection, may maintain the rate of increase in solubility values found at 10
and 20 kbar and possibly to considerably higher pressures.
Composition of the Gas Phase in
Mg2Si04-Si02-H20 at 15 kbar
Yasuo Nakamura and Ikuo Kushiro

Phase relations in Mg2Si04-Si02-H20
at high pressure are of great importance
to partial melting of the earth's mantle.

All mole

The system has been studied by Kushiro
(Year Book 67, pp. 158-159), Kushiro,
Yoder, and Nishikawa (1968), Warner
(1973), and Eggler (Year Book 7:2, pp.
464-467). The nature of the gas or fluid
phase in the system, however, has not
yet been clarified. The experiments were
made at 1280°, 1310°, and 1340°C at 15
kbar, dealing specifically with the composition of the gas phase. The solidus
temperature of enstatite in the presence
of water was determined as 1315 °C at 15
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kbar by Kushiro. Yoder, and Nishikawa
(1968).
Water and mixtures of enstatite glass
i prepared by the late Dr. N. L. Bowen)
and cristobalite with a total weight of
2-^5 mg wore sealed in Pt capsules of 2
mm outside diameter and 6 mm length.
Other experimental details are described
by Nakamura (this Report). The run
durations wore 1 L> to 1 hour. The amount
of hydrogen that diffused into the capsules under the conditions of the present
experiments is negligible (Nakamura,
this Report). The gas phase quenched to
a mixture of colorless glass and needlelike quench crystals of enstatite. The
glass thus formed occurs as spheres or as

INSTITUTION

aggregates that mantle stable and quench
crystals. The glass mantle retains a convex outline. In charges with more than
85 wt % HoO, forsterite was observed as
a quench phase. It tends to elongate but
does not have any distinctive crystal
faces. Stable forsterite is euhedral, almost equidimensional, and commonly as
large as 0.5 mm. Stable enstatite is prismatic with well-developed [001] faces
and other moderately developed faces.
The amount of quench enstatite is less
in the enstatite gas field than in either
the forsterite + Sas field or the enstatite
+ liquid ± gas fields, probably because
of the effective overgrowth of enstatite
crystals upon quenching in the enstatite

5 kbar

I280°C

'<>, S 0A

Fig. 31. Isothf-nii;i] -"■Hon of Mg.SiCVSiOa-HssO at 1280°C and 15 kbar.
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Mg2Si04

MgSi03

Fig. 32. Isothermal section of MgoSiCX-SiCX-HoO at 1310° C and 15 kbar,

+ gas field. It was also observed that
stable enstatite crystals change shape
from long to short prisms as the H20
content of the charge decreases. The
liquid phase was observed as a dense,
feathery aggregate of quench enstatite
crystals and bubbly, colorless glass. In
charges very rich in Si02, only colorless
glass was observed as the quenched
liquid. In contrast to the quenched gas
phase, such a glass does not exhibit a
convex outline.
The results are shown in Figs. 31, 32,
and 33. Data by Kushiro, Yoder, and
Nishikawa (1968) and Eggler {Year
Book 72, pp. 464-467) were also used to
estimate the H20 content of the liquid

phase. The Si02 content of the gas phase
coexisting with forsterite and enstatite is
about 18 wt % at 1280 °C and increases
to about 22 wt % at 1310°C. It reaches
a maximum at 1315 °C, where the enstatite + gas join breaks down and the forsterite +liquid join becomes stable i Kushiro, Yoder, and Nishikawa, 1968). The
gas phase coexisting with only enstatite
can contain about 40 wt °/c Si02. The
field of enstatite + gas shrinks rapidly
within a rather narrow temperature
range from 1280° to 1315°C. The field
of liquid at 1280 °C is not much more
than a very small extension of the Si02H20 fluid but enlarges rapidly within a
narrow temperature range

(30 00.

The
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field of quarts + liquid is so email that
there is a possibility that the cotectic line
of enstatite — quartz + liquid does not
intersect the two-fluid region at all. The
SiOs-rich part oi the phase diagram of
Kushiro i Year Book 67, pp. 158-159)
should he modified because of the supercritical nature oi the SiC\>-HjO fluid.
Water passing upward through the
tipper mantle peridotite can dissolve
about 20 wt % Si02 together with limited
amounts of some other oxides, leaving
the mantle as a whole relatively depleted
in silica and the crust enriched in silica.
If the content of silica in the gas phase
coexisting with olivine and orthopyroxene
decreases as pressure decreases, as is
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probably the case, and if the equilibrium
partition is maintained between the gas
and the crystalline phases, the ascending
water-rich gas phase results in the enrichment of enstatite relative to olivine at
the tipper horizons. This process could
result in differentiation of previously
homogeneous mantle. The process becomes less effective, however, in the presence of COj or HL>, which reduces the Si()2
content in the gas phase (Eggler, Year
Book 72, pp. 464-467; Nakamura, this
Report). The upward transportation of
SiOL» is most favored at the place where
water is readily available and oxygen
fugacity is high. Such conditions may
occur at and above the subduction zones.

kbar

340°C

Mg2Si04

MgSi03

Fig. 33. Isothermal section of Mg.SiCVSiCVILO at 1340°C and 15 kbar.
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The System Si02-H20-H2 at 15 kbar
Yasuo N akamura

Under reducing conditions, systems
containing water must also contain a
finite amount of free hydrogen. The presence of free hydrogen lowers the water
fugacity relative to the fugacity of pure
H20. For example, the effect of reduced
water fugacity on the breakdown reaction
of talc was observed by Eugster and
Skippen (1967). In addition, melting relations of any silicate system in the presence of water should change as the oxygen fugacity changes, even if the system
does not contain transition elements such
as Fe and Mn. To investigate the effect,
the binary system Si02-H20 was studied
at 15 kbar, both without oxygen buffering (high /o2) and at /Oo controlled by the
iron-wiistite buffer. Kennedy et al. (1962)
claimed that there is a second critical
point in this system at 1080 °C and 9.7
kbar. Stewart (1967) found, however,
that immiscibility still exists at 10 kbar.
The critical pressure may thus be slightly
above 10 kbar.
Cristobalite powder, prepared at
1500°C from quartz from Lisbon, Maryland, and water were weighed into platinum capsules of 2 mm outside diameter
or Agr,()Pd5o capsules of 1.8 mm outside
diameter and immediately sealed. Special
care was taken to cool the capsules and
weld them almost instantly to avoid
evaporation of water. The length of the
capsules was about 6 mm, and the total
amount of charge, about 5 rag. The samples were run in solid-media, high-pressure apparatus with %-inch furnace assemblies. Pt-PtooRhio thermocouples
were placed at the center of a graphite
furnace.
In the unbuffered runs, one to six capsules were placed around the thermocouple so that the temperature was measured at the center, not at the end of the
capsules. It was estimated, from measurement of vertical temperature gradients

within the furnace, that a temperature
gradient of up to 15°C exists between the
center and either end of the capsule. The
duration of unbuffered runs was 20 to
45 minutes. Upon quenching, the temperature drops from 1100°C to lower than
400 °C within 15 seconds. The hydrogen
fugacity in the charge was buffered by
the furnace assembly whose hydrogen
fugacity is less than (more oxidizing
than) that controlled by the Ni-NiO
buffer. The amount of hydrogen passing
into the capsules, if any, is negligible
under these conditions.
In the buffered runs, sealed Ag50Pd-o
capsules were placed in a mixture of
about 40 mg water and 150 mg powdered
metallic iron in platinum capsules of 4
mm outside diameter and sealed. Temperatures were measured at the center of
the capsules. The duration of each run
was 5 to 15 minutes. The buffer does not
last longer than 20 minutes in platinum
capsules at the temperatures studied.
because platinum is very permeable to
hydrogen (e.g., Shaw, 1967). Because
Ag50Pdoo is even more permeable to hydrogen than platinum, it is believed that
an equilibrium value of hydrogen fugacity was attained in the inner capsule. As
an example, 18 mg of dry hematite in the
inner capsule was completely converted
to wustite and water within 5 minutes
at 1050 °C (in this particular run the
inner capsule was AgsoPdso with a 2.5 mm
outside diameter). The presence of H20
in the outer capsule after the run and
powder x-ray diffraction data on the
buffer were used as criteria to determine
the effectiveness of the buffer. Gold was
tried as the outer capsule, but it was
found that gold becomes too soft to retain
the buffer above about 1050 °C. Two relatively long runs, 45 minutes at 1050 °C
(78 wt % H20) and 30 minutes at
1040°C (68 wt °/c HoOh using gold capsules were successful, however, and are
included in the results.
The results are shown in Figs. 34 and
35, which were drawn on the basis of the

260

CARNEGIE

INSTITUTION

presence or absence of quartz. Figure 34
shows clearly the supercritical characteristics of the HaO-SiOa fluid. The terms
_ - and liquid are also used in this Report, referring to a IljP-rich fluid and a
- .-rich fluid, respectively, because the
single fluid phase is separated into two
fluid phases, gas and liquid, by adding a
third component, such as hydrogen (this
Report i or COa (Eggler, Year Book 7:2,
404-467 i . which concentrates in the gas
phase, and a component such as MgO
Nakamura and Kushiro, this Report) or
NaAlSiO* (Boettcher and AVyllie. 19696) ,
which concentrates in the liquid phase.
The solubility curve or the liquidus of

tration changes from 30 to 75 wt % in
this temperature range. A sudden change
o( the slope of the liquidus occurs between 20 and 25 wt % Si02, which is almost the same concentration of Si02 as in

quartz between 1000CC and 1100°C is
flat, suggesting that the activity of Si02
changes only slightly as the Si02 concen-

isobaric invariant point at 1090° ± 15°C,
and the existence of a two-fluid region
above this temperature.
Figure 35 also

the composition of critical mixing determined by Kennedy et al. (1962). A significant change in the structure of the
fluid may take place near this composition.
With the iron-wiistite buffer, quartz
was found up to 1080 °C in the composition containing 82 wt % H20. At 1100°C,
however, quartz was not found in the
charge of 28 wt % H20 (Fig. 35). This
observation indicates the existence of an
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shows that the liquidus or the solubility
curve of quartz above 1090 °C is not
shifted significantly from that determined by the unbuffered experiments.
The behavior of the liquidus implies that
only a small amount of hydrogen is contained in the liquid coexisting with
quartz; hydrogen appears to act as an
inert component in the quartz-liquid
equilibria.
These implications are schematically
illustrated in Fig. 36, where the scale is
exaggerated for the hydrogen concentration. A dotted line in each diagram represents the line of fixed hydrogen fugacity,
which is controlled externally by the ironwiistite buffer as a function of temperature. This iso-fugacity line for hydrogen

Pro-

lies on the H20-poor side of the threephase triangle of quartz + liquid -f gas
below 1090°C and lies on the H20-rich
side of the triangle above 1090°C. This
change is probably caused by the shift of
the three-phase triangle as the temperature increases. There is a possibility,
however, that this change could also be
attributed to the shift of the iso -fn, line
toward the H20 side as the temperature
rises. If the second contribution is significant, the two-fluid region is likely to
disappear with a slight increase in temperature. Inthis connection, it is of interest to consider how the hydrogen content
changes as a function of temperature in
the H2-H20 system controlled by the
iron-wiistite buffer.
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The mole fraction oi hydrogen can be
calculated up to 3 kbar total pressure on
the assumption of ideal mixing between
H_> and H.O. Data on the fugacity coefficients oihydrogen and water, oxygen
fugacity values, and dissociation constants of water were taken from Shaw
and Wones 1 1964) : Burnham, Holloway,
and Davis 1 1969) : Holloway. Eggler, and
Davis '1971 i : Huebner (1971); and
Wagman et al. 1 1945) . in some cases with
reasonable graphical extrapolation and
interpolation. The mole fraction of hydrogen at 3 kbar changes little from
800°C to 130CFC and is estimated to be
about 0.45. It increases below and above
this temperature range. A calculation for
15 kbar total pressure is impossible without extensive extrapolation of fugacity
coefficients from the literature cited
above. Tentative calculations, assuming
that fugacity coefficients for hydrogen
and water are 5 and 3. respectively, show
that the mole fraction of hydrogen
changes little within the temperature
ran i:e concerned and is about 0.3. If nonideality of Hj-BUO mixing is corrected in
a procedure similar to that of Shaw
«1967». it can be shown that the mole
fraction of hydrogen increases as temperature increases above 800 °C. Thus it
is inferred that the suggested second contribution to the melting behavior shown
in Fig. 36. i.e.. the shift of iso-/n., line
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toward the HoO-rich side as the temperature rises, is insignificant or perhaps
slightly negative if a small amount of
SiC\. in the gas does not drastically
change the general behavior.
It has been shown experimentally that
the presence of water lowers solidus temperatures and favors the formation of
quartz-normative liquids upon partial
melting of peridotite (Kushiro, 1969,
1972a; Kushiro, Yoder, and Nishikawa,
1968; Warner, 1973; Mysen, Year Book
72, pp. 467-468). Eggler (Year Book 72,
pp. 464—467) and Mysen (op. cit.) have
shown that these two effects become less
marked if /H.,o is reduced by adding C02.
The effect of H2 will be in the same direction. The effect of COo is different from
that of Ho in that CO? is not an inert
species but enters in the silicate melt and
enlarges the enstatite field (Eggler, this
Report). Hydrogen is important because
it can be produced by the dissociation of
water under reducing conditions.
Oxygen fugacity prevailing in the
earth's mantle has yet to be clarified, but
it was highly reducing at an early stage
when metallic iron, magnesian olivine,
and orthopyroxene coexisted. The oxygen fugacity was probably below that of
the quartz-fayalite-iron buffer, even
though 30% Ni and other elements in the
metallic phase are taken into account.
Tentative calculations show that the mole

~I050°C

~II50°C

H90
Si02

Fi£. 36. Schematic diagram showing phase assemblage
1090°C. See text.

Q+L

versus

composition

below

and

above
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fraction of H2 in the H20-H2 mixture is
about 0.45 when controlled by the QFI
buffer at 15 kbar between 800° and
1300°C. Under such reducing conditions,
the solidus of a hydrous mantle may possibly be well above the simple wet solidus,
and the product of partial melting may
not necessarily be hydrous andesite and
dacite, as was suggested by Kushiro
(1972a). As oxygen fugacity becomes
higher, the production of silica-rich hydrous magma is more likely to take place
upon partial melting of hydrous peridotite of the upper mantle. Therefore, if the
production of silica-rich hydrous magma
takes place in parts of the present upper
mantle, the most favorable place is at or
above descending oceanic slabs in subduction zones, where excess oxygen, as
well as water trapped near the surface of
the solid earth, is being released upon
heating.
PERIDOTITES:
AND

NODULES, XENOLITHS.
XENOCRYSTS

Garnet Peridotite as a Parental
Material for Basaltic Liquids
H. S. Yoder, Jr.

Present models of parental material
from which primary basaltic magmas are
derived involve principally olivine or
orthopyroxene, or both. Garnet peridotite, 01 + Opx + Cpx + Gr, is commonly
chosen as the parental material. Natural
samples of garnet peridotite have the
requisite seismic velocities and would appear to yield a basaltic liquid on partial
melting, according to normative calculations in which plagioclase and clinopyroxene are predominant components. Two
experimental observations suggest that
there may be major constraints on these
conclusions. The first observation involves the recrystallization and partial
melting of garnet peridotite at 1 atm,
and the second, the conversion of basalts
to high-pressure assemblages.

Absence of Plagioclase
On the basis of simple systems (e.g.,
MacGregor, Year Hook 64, pp. 120-134:
Kushiro and Yoder, 1900) it was indicated that a garnet peridotite formed at
high pressures should change at successively lower pressures to a spine] peridotite and then to a plagioclase peridotite.
Plagioclase at low pressure must be a
modal phase of garnet peridotite or a
normative component of the liquid to be
separated from garnet peridotite if it is
the parental material of basalt. Only one
natural garnet lherzolite and one spine]
lherzolite have been studied at a series of
pressures. Ito and Kennedy (1907. p.
526, Fig. 1 ) found that a garnet peridotite
produced the assemblage 01 + Opx -\Cpx -f- Sp at pressures less than 20 kbar.
Similarly Kushiro, Syono, and Akimoto
(1968) found a spinel lherzolite assemblage to persist at pressures less than
about 20 kbar. Although the run times
may have been too short to obtain equilibrium and the minimum temperatures
studied may have been too high for the
solidus of basalt, no plagioclase was observed in either study. The absence of
plagioclase as a phase at lower pressures
and temperatures suggests that these peridotites may not be of the requisite composition to produce a basaltic liquid.
They may in fact have already been depleted of their basaltic components by
partial melting; that is, they are residual.
Perhaps the preferred view is that most
of the normative anorthite, for example,
may be incorporated modally as the calcium Tschermak's molecule in the observed clinopyroxene. The norms of clinopyroxene from basalts contain up to 13^
by weight An (Yoder and Tilley. 1962. p.
365, Table 5).
A synthetic peridotite (close to the
average of Nockolds, 1954) having as
little as 8% by weight normative An
yielded an initial liquid at 1 atm of basaltic composition (Reay and Harris.
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1964, p. 11).* Plagioclase was also not
served by them as a phase coexisting
with liquid. In the pressure range 10-20
. Kushiro (1973, p. 295) found that
partial molting oi a sheared
garnet Iheraolite did yield liquids of basaltic composition. Plagioclase was not
served by him as one oi the phases
coexisting with liquid even at the lowest
ss . studied, 10 kbar.
It is evident that the initial partial
melting oi some undepleted peridotites
will yield a liquid of basaltic composition
that will crystallize as basalt, provided
the liquid is separated from the parental
rock. If the liquid is not separated from
the parental materials, it will not necesly yield plagioclase on crystallization.
The bulk composition may be such that
the plagioclase remains occult, primarily
in the pyroxenes. The contention that a
critical stage in the type of basalts
formed is the depth at which separation
of liquid from the parental sponge or
mush takes place has already been outlined by Yoder and Tilley (1962).
There is a clear need for the experimental investigation of garnet lherzolites
of a wide range of composition to ascertain the composition of initial liquids
formed at elevated pressures and to detennine which garnet lherzolites, if any,
yield plagioclase on crystallization at low
ssun s. Because of the small amount
of liquid produced over a wide temperature interval above the solidus (see Ito
and Kennedy. 1967. Table 2, p. 524), the
slow rate- of reaction, and quenching
problem- (see Kushiro, this Report) the
investigation will be difficult.
Absence of Olivine
One of the major conclusions of the
tal study on basalts by Yoder
and Tilley <1962i was that "for every
*A synthetic pyrolite composition less 407r
olivine (Fo studied by Green and Hibber.son
f\cu0) at 1 atrn did yield plagioclase, but as will
be evident in the following discussion, the model
on which the composition is based is not acceptable.
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basalt there is a chemically equivalent
eclogite." This conclusion has since been
well documented for many types of basalt. The conversion of common types of
olivine basalt in the laboratory to only
clinopyroxene and garnet with or without
mica raises the question whether basaltic
liquids can form from the partial melting
of peridotite, a rock composed predominantly of olivine. That is, liquids of basaltic composition derived by the partial
melting of peridotite must exist in equilibrium with olivine and orthopyroxene,
and, therefore, these two phases should be
present on crystallizing the liquid at
mantle pressures unless reaction mechanisms exist for their elimination.
Two reaction relations are required,
one involving the orthopyroxene and the
other, olivine, if eclogite is to be obtained
from garnet peridotite. O'Hara and
Yoder (1967) discovered a reaction relationship at30 kbar in the diopside-pyrope
join, and in the analogous system using
natural minerals, orthopyroxene could be
eliminated from garnet peridotite by
fractionation. An olivine reaction relationship was found by Kushiro (1968, pp.
628-629) using one of the same compositions up to 26 kbar, but none was observed above 30 kbar. t Furthermore,
Davis and Schairer (Year Book 64, p.
124, Fig. 35) showed that the system
Fo-Py-Di was eutectic-like at 40 kbar
and confirmed the orthopyroxene reaction relationship at this pressure. The
rarity of olivine eclogites, however, implies that the olivine reaction relationship exists if garnet peridotite is the parent. Such bimineralic ecologites would
have to be formed from a liquid extracted
from garnet peridotite at pressures from
about 17 to 26 kbar (i.e., 60-85 km in
depth) on the basis of Kushiro's (1968)
results.
t An olivine reaction relationship also exists
at high water pressures, according to the determinations ofKushiro (1969) on the Di-Fo-SiO:>H20 system at 20 kbar. The composition of the
liquid at the reaction point is believed to be
andesitic, not basaltic.
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CaTs
(Grossulante)

En
(Pyrope)
Fig. 37. (A) The joins in the system forsterite (Fo)-nepheline (Ne)-silica (Si02) at 1 atm and
30 kbar (after Yoder and Tilley, 1962). Point x represents schematically the composition of an
initial liquid formed at high pressure, and y, its derivative liquid at low pressure, assuming removal
of olivine only. (B) The joins in the system forsterite (Fo)-calcium Tschermak's molecule (CaTs)silica (SiOs) at 1 atm and 30 kbar (after Yoder and Tilley. 1962). Liquid compositions x and y bear
the same relationship as in A.

The failure of olivine basalts to retain
olivine when converted to eclogite appears to confirm an olivine reaction relation. Another explanation arises, however, that tends to negate this argument.
If a basaltic liquid is to be derived from
a parent composed predominantly of olivine, then one of the phases to crystallize
out of the separated liquid should be olivine. As the liquid rises to the surface,
the proportion and composition of precipitating phases change in response to
the drop in pressure and temperature. On
the basis of the results on simple systems,
olivine is the principal phase to be precipitated, along with other phases if the
magma is to arrive at the surface with a
eutectic-like composition and contain
phenocrysts, that is, no superheat. The
magma that appears at the surface is
therefore not the composition originally
in equilibrium with the parent but a derivative. This point has been stressed by
O'Hara (1968a, p. 686) and is his principal objection to considering tholeiitic
rocks as representative of primary magmas. On these grounds, it is necessary to
restore the crystals lost on the way to the

surface before the relation of basalt to its
presumed parent, garnet peridotite, can
be ascertained.
In this light the failure to observe olivine in the high-pressure assemblage in
basalts crystallized at the surface can
now be examined with the aid of two
simple diagrams used by Yoder and Tilley (1962, p. 500, Fig. 44) to illustrate
the variation of fractionation courses at
high and low pressure. In Fig. 37A are
given the system Ne-Fo-SiO- and the
joins at 1 atm and 30 kbar. If a parental
liquid x were fractionated at successively
lower pressures, the final composition
would probably be in a position such as
y. The parental assemblage would be
Fo + En + Jd< and the derivative assemblage atlow pressure would be Fo +
En -f- Ab. The recrystallization of y at
30 kbar would yield the assemblage En -fJd + Qz; that is, no Fo would be observed. The system Fo-CaTs-Si02.
shown in Fig. 37B, can be treated in a
similar way. The parental assemblage x
gives way at low pressures to Fo -j- En
+ An after fractionating to y. Recrystal ization ofy at high pressures results
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in an assemblage devoid oi Fo. The loss
of olivine in basalt at high pressure could
therefore be explained by the predominance oi plagioclase over olivine -fhypersthene, the olivine being consumed
at high pressures initially through the
'ions of An + Fo and An -f" En,
investigated by Kushiro and Yoder
I 1966), aiul oi Ah + Fo, investigated by
Yoder and Tilley (1962).
It is easily seen that the addition of Fo
to the composition y in both eases presented must be done with considerable
caution. It must be first demonstrated
that y was indeed fractionated from a
Fo-bearing assemblage. The pyrolite
model of Ringwood 1 1962. and subsequent versions) was devised by adding
approximately three or four parts dunite
to one part basalt on the assumptions
that the dunite was the residuum and the
- tit was the complementary primary
jna from the partial melting of an
olivine-bearing parent (i.e., pyrolite).
The derivative nature of basalts (and
eclogites) has already been demonstrated
by Yoder and Tilley (1962) and emphasiz( d by O'Hara (19686). Thus, the addition of olivine to a derivative rock with
which it may not be compatible at high
ssures does not appear to be a suitable
model for deriving primary magmas.*
( Hivine and orthopyroxene are the
principal phases in nodules brought up by
alkali basalts and support the belief that
they are important phases in the parental
materia] of basalts. The preservation of
the nodules suugests that such magmas
were brought directly to the surface. The
nodules contain at least one phase, orthopyroxene, with which the host rock is
incompatible at low pressures; therefore,
the major fractionation appears to have
taken
place at high pressures.
The
' T -• irguments do not conflict with the
addition of olivine to an olivine-bearing, quartzDormative tholeiite derived by the separation of
magma from a plagioclase peridotite at low
isures (= depths < 15 km) where the olivine
reaction relation is operative.
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magma was effectively separated from
most of the parental material at high
pressures and at temperatures below both
the olivine and orthopyroxene reaction
The olivine-free eclogite nodules are
points.
probably derived as accumulates in the
60-85 km region where the required reaction relationships exist under anhydrous
conditions, according to the experiments
of Kushiro (1968). Alternatively, some
eclogites could be recycled derivative
basalts. For example, the metamorphism
of oceanic basalts in a subducted plate
may be an adequate source for those
eclogites.
In summary, the absence of olivine in
basalts held at the high pressures at
which they are believed to be derived
from garnet peridotite may be due, on
the one hand, to the derivative nature of
the basaltic magmas. The primary magmas, partially melted and separated from
garnet peridotite, change composition en
route to the surface and result in a liquid
composition that when recrystallized at
high pressure does not contain olivine.
On the other hand, eclogite, equivalent
in composition to basalt, requires both an
olivine and an orthopyroxene reaction relationship with liquid if it is derived
from garnet peridotite at high pressures.
The orthopyroxene reaction relationship
was demonstrated by O'Hara and Yoder
(1967), and the olivine reaction relationship is demonstrated by Kushiro and
Yoder (following section, this Report).
An eclogite liquid, brought to the surface and crystallized as basalt, would
therefore also be derivative.
Formation of Eclogite from Garnet
Lherzolite: Liquidus Relations in a
Portion of the System MgSi03-CaSi03A120:{ at High Pressures
/. Kushiro and H . S. Yoder, Jr.

In the preceding section the arguments
are reviewed for derivation of bimineralic
eclogite from garnet peridotite

(O'Hara
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and Yoder, 1967). Partly on the basis of
the results of a study on the MgSiOaCaAl2SiOG join by Kushiro (1968) , it was
observed that the required reaction relation with olivine occurred at least between 17 and 26 kbar. Because of the
importance of this restriction on the formation of olivine-free eclogite, it was
considered essential to confirm the reaction relationship with a wider range of
compositions. The liquidus relations of a
portion of the system MgSi03-CaSi03Alo03 were examined, therefore, at 20 and
26 kbar.
Twelve different compositions (glass
crystallized at 1 atm) were investigated
to determine the liquidus boundaries.
Seven of those lying on the join diopsidepyrope were made by O'Hara and
Schairer (Year Book 62, pp. 107-115).
Solid-media, high pressure apparatus and
Pt capsules were used for all runs.
The preliminary liquidus surface diagram in the quadrilateral CaMgSioOeCaMg2 Al2Si30i2 - Mg3 Al2Si80i2 - MgSi03
at 20 kbar is shown in Fig. 38. The pres-

ence of a Liquidus field of forsterite in the
central portion of the quadrilateral shows
that the garnet (Gr) -diopside (Di)-enstatite (En) plane is not a thermal barrier at 20 kbar; the liquid composition
can move along univariant lines across
this plane by crystallizing forsterite. The
results of runs made by Kushiro (1968)
on a composition equivalent to 65 wt %
pyrope 35% diopside suggest that this relationship must obtain at pressures up
to at least 26 kbar.
Iron-free pigeonite may have a narrow
liquidus field between the fields of Di>s
and Enss. In the present study, however,
the location of the pigeonite field was not
determined. In the following discussion,
pigeonite is ignored for simplicity of
illustration.
The change of the liquidus surface with
pressure in the quadrilateral CaMgSioOoCaMg2Al2Si3012-Mg3Al2Si3Oi2-MgSi03
is outlined in Fig. 39 on the basis of results of previous studies (O'Hara and
Yoder, 1967; Kushiro, 1968) and present
experiments. AUO,The liquidus field of for-

-o

Mg3AI2Si3012
Ca3AI25i3012

CaMg2Al2Si3012

<

CaMgSi206

Weight

per cent
MgSiO,

Fig. 38. Preliminary liquidus surface diagram in a portion of the system MgSiOs-CaSi03-Al2Oa
at 20 kbar. Abbreviations: DiS9, diopside solid solution; Enss. enstatite solid solution; Fo. forsterite; Pi, iron-free pigeonite; Sp, spinel. Subsolidus phase relations (■— 1400°C). shown by thin
dashed lines, are based on the data by Davis and Boyd (1966); O'Hara (1967); Kushiro. Syono.
and Akimoto (1967); Boyd (1970); and MacGregor (1974). A, B, and C are compositions of coexisting garnet, Diss and Enss, respectively.
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Fie. 39. Schematic diagrams showing the
change of the liquidus surface with pressure in a
portion of the system MgSiOb-CaSiGrAlsOa.
from OHara and Yoder (1967), Kushiro
(1968). and the present study. The field of ironpigeonite is ignored for simplicity of illustration.

ite contracts and the field of garnet
expands relative to the field of spinel with
increasing pressure.
Ar subsolidus temperatures, mixtures
with compositions in the quadrilateral
crystallize to forsterite-free assemblages
including Or + Diss or Gr + Diss + a
Ca-poor pyroxene at pressures above 17
kbar. Thus, forsterite crystallized on the
liquidus from the plane CaMgSi2CV
MgSi03-Al203 must react out before the
solidus is reached.
During crystallization En,s may or
may not dig ir, depending on the bulk
composition. It the hulk composition is
in the Gr-Di„ region (i.e., on the Ca- and
Al-rich side of the join A-B in Fig. .38),
Km. will disappear at the solidus, and the
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final assemblage will be Or + Diss. If
the bulk composition is in the triangle
A-B-Cj however, orthopyroxene will be
present in the final assemblage.
The reactions involving forsterite can
be inferred from previous sttidies (Kushiro and Yoder, Year Book 64, pp. 8994; MacGregor, Year Book 64, pp. 126134; Kushiro, 1968). At pressures between 17 and about 25 kbar, the reaction
is forsterite (Fo) -j- liquid (L) +± spinel
I'Sp) + Enss + Diss, whereas at pressures higher than about 25 kbar, the reaction isFo + L +± Gr + Enss + Diss.
At about 25 kbar, there is an invariant
point where all the six phases Fo, Enss,
Diss, Sp, Or, and L coexist. This invariant point is generated by the intersection
of the solidus and the univariant curve
Enss + Diss + Sp <=> Fo + Gr (Kushiro
and Yoder, Year Book 64, pp. 89-94;
MacGregor, Year Book 64, pp. 126-134).
Another expression of this invariant point
is that the liquidus volumes of all the
above five crystalline phases meet at a
single point in the tetrahedron CaOMgO-ALO.s-SiOu. The geometry close to
that of the invariant relation is shown on
the plane MgSi(VCaSiO,-Al,0H at 26
kbar (Fig. 39B). The invariant point
actually lies on the silica-rich side of this
plane, and the invariant relation cannot
be illustrated in this diagram.
A possible origin of eclogite from garnet lherzolite is thereby elucidated by
these diagrams. Magmas formed by partial melting of anhydrous garnet lherzolite and separated from the parental material ascend to shallower levels and undergo fractional crystallization. If the
depth of crystallization is at least less
than 85 km, olivine crystallizes as a primary phase and the liquid moves toward
more siliceous compositions. Because the
liquid is removed from the parental garnet lherzolite, olivine disappears by reaction with liquid, and orthopyroxene,
clinopyroxene, and garnet crystallize during the fractional crystallization at
depths deeper than 55 km (>17 kbar).
With
further fractional crystallization,
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orthopyroxene disappears as a result of
the reaction found by O'Hara and Yoder
(1967), and garnet and clinopyroxene
crystallize until the last liquid disappears.
After olivine and orthopyroxene disappear by reactions, eclogite can form as a
cumulate.
In the presence of water, the pressure
range in which olivine reacts to pyroxenes
and spinel or garnet is greatly increased,
and it should be possible for eclogite to
form from garnet lherzolite at much
greater depths (i.e., deeper than 85 km),
where amphibole is no longer stable. On
the basis of these arguments, diamondbearing eclogite would have formed in the
presence of water.
Petrogenetic Grid for Garnet
Peridotites
J. Akella and F.R.Boyd

Estimates of the temperatures and
pressures of equilibration for garnet peridotites ofmantle origin have been based
primarily on the application of phase
relations for the pure binary system
MgSiO,-CaMgSi20(i and MgSi03-Al203
(e.g., Boyd, 1973). Nevertheless, the
presence of other elements such as Fe, Ca,
Cr, and Na in the natural minerals affects
these equilibria and complicates the prediction of equilibration conditions. A
program of equilibrating mixtures of natural garnets and pyroxenes under measured conditions of high temperature and
pressure has been begun in order to better understand the effects of these
extraneous ions. The equilibration conditions estimated from the phase compositions determined by electron microprobe
analysis can then be compared with the
conditions measured during the experiments. One aim of this program is to test
and improve the methods by which equilibration conditions can be estimated from
phase compositions.
Starting materials used for these runs
included an enstatite with low A1203 from

Webster, North Carolina, forsterite from
Balsam Gap, North Carolina, and discrete garnet and diopside nodules from
Lesotho kimberlites (Table 9i. The garnet and pyroxenes were combined in a
1:1:1 mixture to which was added 5 wt
% forsterite. The starting mix was
ground under alcohol, reducing its grain
size to 5-10 /mi.
Experimental charges were equilibrated in solid-media, piston-cylinder
apparatus, and the pressures reported
have been given a friction correction of 1
kbar in accord with the friction study described by Akella (this Report). This
correction is subtracted or added depending on the direction of piston motion.
Temperatures were measured with
W3%Re/W25%Re thermocouples; corrections for the effect of pressure on
thermal emf have not been made. Williams and Kennedy (1969) have estimated these corrections to be 4-5° to
10 °C in the pressure-temperature range
utilized in this investigation. Platinum
capsules were used for the initial runs,
but it was found that Fe from the silicate
charges dissolved in the platinum even
under subsolidus conditions. The leaching of Fe caused the silicates to have
widely variable FeO contents. This problem was solved by using graphite capsules with tight-fitting lids.
The experimental charges were slightly
moistened with water, to enhance the rate
of equilibration and to facilitate grain
growth. Nevertheless, in some runs 16
hours at 1100°C was not sufficient to produce homogeneous phases. Recycling runs
two or three times helped in attaining
equilibrium. Surprisingly, grain growth
appeared more sluggish in these experiments than for related equilibria in the
Fe-free system described by Akella (this
Report) .
Only the coarsest grains in each run
could be analyzed with the electron
microprobe, but attempts were made to
obtain at least six analyses for each phase
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pairs can be fitted by a straight line. The
slope of this line (Fig, 40), however, differs from that estimated for Oa-Cpx
pairs from eclogites by My sen and Heier.
The data in Table 10 illustrate the fact
that the A.l2Oa content of enstatite in
equilibrium with garnet is decreased
either by decrease in temperature or by
increase in pressure. The presence of
contaminating ions such as Ca and Fe is
expected to reduce the AI0O3 content of
enstatite in equilibrium with pyrope at
fixed temperature and pressure (e.g.,
Wood and Banno, 1973). Thus a direct
application of equilibria from simplified
systems to natural assemblages should
result in estimates of equilibration pressure that are too high. Results presented
here (Table 11) confirm this relationship. Equilibration pressures estimated
on the basis of direct application of phase
data
for MgSi03-Al20,
(EnCo)
and

in each run. The concentrations oi olivine in these runs were very small, and
analyses for olivine were not obtained.
Standard deviations given tor the pyroxene and garnet analyses (Table 10) provide a measure oi the degree oi homogeneity that has been attained.
The distribution oi Mg and Fe-' between clinopyroxene and orthopyroxene
Table 10) shows that at 1100°C, Mg
>rs clinopyroxene over orthopyroxene,
whereas at 1300°C this relationship is rersed, in accord with results reported by
Hensen (Year Book 72, p. 534). The
value of In Ki, versus 1 T for Oa-Cpx
pair- is plotted in Fig. 40. along with
Hensen's I Year Book 72, p. 530) experimental data and a curve calculated for
natural mineral pairs in eclogites (Mysen and Heier, 1972 1. Results reported
are consistent with Hensen 's data;
both sets of results for peridotite Oa-Cpx
TABLE

Al.O

TiO
l

11

MgO

\ I ■: 1o••
Cr O,
MnO

Tot

9. Analyses of the Natural Minerals Used for Starting Materials

56.51
0.84
0.02
0.32

SiO

-

55.20
2.54
0.33

42.22
20.88
1.28

34.02
7.00

13.62
20.78
5.34
1.52

4.74
19.45
11.58

0.24
0.24

0.30
0.14

99.19

99.77

1975
A
Ti

31

M
Cag

11
1270

Mg

Mg+Fe)

Xuml ber of Cations (X1000)
1979

107
9
523

1111

0.11
0.45
0.34
101.05
3016
1758

363
69

15
2072

6
0

160
106
9
4

25
692

0.862

0.871

0.750

204

Fe
Na
C'r
Mr,

INSTITUTION

40.85
0.13

51.63
7.17
0.02
0.07
99.87
990
4
1866
145

21
0.928

•Total Fe ;>- FeO.
1. Enstatite, Webster, North Carolina.
2. Diopeide, PHN L600E/4, Thaba Putsoa, Lesotho.
3. Garnet, PHN L5Q3C, Sekameng, Lesotho.
1. Forsterite, P-140, Balsam Gap, North Carolina. Gravimetric analysis by H. B. Wiik.
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TABLE

10. Compositions of Equilibrated Garnets and Pyroxene*

31 kbar/1100°C,
i
E] ti
I)
55.77
53.14 0.6
2.83
2.48 0.3
0.3
0.13 0.02
0.25 0.02
J. 11 0.2
19.40 0.7
33.28 0.8 .5*19.53
1.1
0
2.80 0.04
6.25 0.7
0.6
0.59
0.02
0.1
0.03
0.28
0.43
0.16 0.02
0.22 0.03

Si02
A1203
Ti02
CaO
MgO
FeOt
Na20
Cr,03
MnO

Totals

271

99.13

99.54

\-8
i

Gi
13.03
20.45
0.86
5.07
20.27
9.57
0.03
0.60
0.42

31 kbar/1300°C,
X0.4
i
En

O.J,
0.8
0.1
0.2
0.9
0.04
0.5
0.02

0.1

55.06
3.54
0.14
1.80
32.21
7.32
0.13
0.29
0.18

0.4

0.6
0.2
0.J
0.01

0.03
0.02
0.02

53.27
4.20
0.26
16.30
20.23
5.18
0.80
0.46
0.20

I) 0.2
0M
0.2
0.04
0.2
0.8
0.2
0.1
0M

Gi
42.75
0.7
21.88 ().U
0.73 0.5
5.55
9.73
19.99
0.09
0.85
0.37

0.5
0.2
0.03
0.02
0.2

01.94

00.99

100.30

().3

Number of Cations (X1000)
Si
Al
Ti
M
Cag
Fe
Na
Cr
Mn
Mg/(Mg

+ Fe)

1938
102
3
41
1724
182
1
8
6

1931

0.905

0.926

121
7
755
1058
85
42
12
5

3069
46
1719

1907

387
2155

144
4
67
1663
212

571
4
25
34

9
8
5

0.791

0.887

0.4
44 kbar/1300°C, N-10
D i
En 0.4

Si02
AI0O3
Ti02
CaO
MgO

FeOt

Na20
Cr203
MnO

Totals

55.59
2.43
0.08
1.23
32.66
6.77
0.29
0.22
0.20

0.7

0.4
0.01
0.3
0.8
0.1
0.02
0.02

52.79
5.45
0.20
14.36
19.41
4.84
1.57
0.41
0.19

99.47

99.22

1939
100
2
46

1907

0.4
0.7
0.02
0.6
0.1
0.3
0.03
0.02

0.51
0.35

101.18

1.5
1.1
0.2
0,5
0.6
1.0
0.04
0.02
0.05

3008
1814
418
39

7
1078
624
155

2097

13

47
572

62
6

0.4

12
22
0.786
X-13

0.874

En 38 kbar/1100°C,
D i
0.4
1.0

Ga

43.80
20.00
0.97
5.08
20.62
9.77
0.08

1904
177

100.6'

1.69
56.50
0.11
1.01
33.91
7.07
0.10
0.20
0.18

100.7:

0.2
0.03
0.2
0.7
0.03
0.02
0.03

52.66
3.88
0.46
20.37
17.81
3.27
1.13
0.35
0.11

100.04

1.1

0.4
Gi 1
43.16
20.71
0.83

0.04 5.46
0.1
1.5
20.52
1.1
10.09
0.7
0.10
0.3
0.69
0.03

0.5
0.6
0.1
0.04
0.2
0.5
0.02
0.1

0.36

101.92

Xumber of Cations ( X 1000)
Si
Al
TiM
g
Ca

Cr
Mn

1699
198
20
6
6

Mg/(Mg+Fe)

0.896

Fe
Na

232
5
556
1046
146
110
12
6
0.877

3096
1666

1946

13
1908
166

693
385
2173
52
578
11
29

37
1741

21

204
7
5
5

0.790

0.895

791
962
99
79
10
3
0.907

3042
1720
44
412
2156
595
14
21
38
0.784

*Numbers in italics are standard deviations: each analysis is an average for six or more grains.
fTotal Fe as FeO.
Abbreviations: En, enstatite; Di, diopside; Ga, garnet.

272

CARNEGIE

-35

INSTITUTION

-30

ln KD(Ga-Cpx)

: Present work
Hensen Year Book 72
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Error in ln KDfor ±\*

O

\.

in MgO and FeO

-2.C

KD(Ga-Cpx)
"Eclogite" Mysen and Heier, 1972

Q

-15

-1.0

KD(Ga~Cpx)

-0.5

0
0.5

"Garnet Peridotite"

1.5
0.7

1.7

0.9
Y °K x 1000

Fig. 40. A plot of ln KD versus 1/T°K for garnet-clinopyroxene pairs.

' Si< >3-MgSi08-Al203 (WoEnCo) are all
higher than the measured equilibration pressures. Nevertheless, there appear- to be an inconsistency between the
E Co data (MaeOregor, 1974) and the
WoEnCo data (Akella, thin Report) at
1100°C. For two runs at this temperature (Table lli the pressures estimated
from the WoEnCo data are higher than
those estimated by direct application of
EnCo data.

Wood and Banno (1973) and Wood
(1974) have derived a thermodynamic
model for the solid solution of A1203 in
enstatite coexisting with garnet with
which the effects of contaminating ions
can be calculated. This model appears
to work well for the results at 31 kbar
(Table 11), but corrections obtained for
two runs at 38 and 44 kbar are too large.
Preliminary results reported here suggest
that estimates of equilibration conditions

GEOPHYSICAL

TABLE

Run No.

LABORATORY

11. Experimental and Calculated* Equilibrium Temperatures and Pressures foi a
Natural Enstatite + Diopside + Garnet Assemblage

A1203 in En

1300
1300
1100
1100

3.54
2.43
2.48
1.69

N-7
N-10
N-8
N-13

Exp.

Temperature, °C
Exp.
Calc.

44
31

1285
1325
1145
1040 usinj

*Tempei ^ature calculated ftrom Ca/(Ca + Mg)

Pressure, kbar
EnCo
WoEnCo
45
47
40

Wood
29
40

38
13
37

42
35
38
31
2; the dioj jsid( ; solvus

31
. Pressure

1973)
calculation: EnCo, from MgSi03-Al203 (MacGregor, 1974); WoEnCo, from (Boyd,
CaSKVMgSKVAlaOa
(Akella, this Report); Wood, from a theoretical relation described by Wood (1974). The measured
temperature was used in the pressure calculations.

can now be made with sufficient accuracy
to be useful but that considerable further
experimentation will be required before
the full potential of the approach is
attained.
Solubility of ALO3 in Orthopyroxene
Coexisting with Garnet and Clinopyroxene for compositions on the
Diopside-Pyrope Join in the
System CaSi03-MgSi03-Al203
Jagannadham Akella

The ternary system CaSi03-MgSi03AI2O3 provides a useful model of pyroxene-garnet relations in ultramafic rocks.
This system encompasses the garnet join
Ca3Al2Si3Oi2-Mg3Al2Si3Oi2 and the pyroxene join CaMgSi206-MgSi03 and also
illustrates the solid solutions between
them. At high pressures this system contains athree-phase field, enstatite-diopside-garnet (O'Hara, Year Book 62, p.
116; Boyd, 1970), which is invariant at
TABLE

constant pressure and temperature. The
compositional coordinates of this threephase field as a function of pressure and
temperature form an important basis for
estimation of the equilibration pressures
and temperatures of natural garnet peridotites.
For the present study two glasses were
utilized with bulk compositions as shown
in Table 12. One is approximately on the
pyrope-diopside join in the three-phase
field with pyrope7r)diopside25 I mix PD ) .
A second composition (pyrope70diopside3o) ,
to which a small amount of titanium pyroxene component CaTiAl206 was added
(mix PDT), was employed to test the
effect of Ti on these equilibria. Compositions of garnets and pyroxenes crystallized from these mixes have been determined by electron microprobe for runs in
the pressure range 26-44 kbar and the
temperature range 1100°-1600°C.
Experiments were conducted in a solidmedia, high-pressure apparatus. A fric-

12. Primary Bulk Compositions

It

Mix

PD
75 Pyrope + 25 Diopside, wt %
Probe Analysis

95(Py7Dis

Mix PDT
iTiAloOe, wt %

Intendec ;) + 5Q

Probe Analysis

Si02
A1203
Ti02

Intended*
47.40
18.97

47.68
17.30

45.54
18.96
1.68

45.35
18.93

CaO
MgO

6.47
27.16

6.56
28.20

8.56
25.26

1.64
8.05
25.73

Composition prepared and used by O'Hara {Year Book 62, pp. 116-118).
fComposition prepared by J. Akella.
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for the Pyropen

sDiopsidex Bulk Composit ion
Ca Ca
+
Composition,
AUOa
Phase
MgSiO »
:iSi iOa
Orthopyroxene C; 2.0
92.9
5.1
0.018
Clinopyroxene 37.9
55.$
6.3
0.370
Garnet
L4.1
02.5
23.4
0.164

TABLE 13. Composi tion of t ho Coexi:

Phai

7\ V

i\ kbar

1100

26

1300

26

Orthopyroxene 3.8
Clinopyroxene 35.0
Garnet
13.3

S9.7
55.3
62.5

6.5
9.7
24.2

0.034
0.353
0.155

1200

31

Orthopyroxene 2.5
Clinopyroxene -43.3
Garnet
12.3

93.5
53.5
65.3

4.0
3.8
22.4

0.023
0.412
0.140

1300

31

Orthopyroxene 3.3
Clinopyroxene 40.6
Garnet
11.8

91.3
54.3
64.3

5.4
5.1
23.8

0.029
0.392
0.136

1500

31

Orthopyroxene 4.8
Clinopyroxene 31.2

88.1
56.3

65.0

7.1
12.2

23.8

0.045
0.324

Garnet

11.2

0.130

1300

3S

Orthopyroxene 3.2
Clinopyroxene 40.8
Garnet
12.6

93.3
54.7
63.3

3.5
4.5
24.1

0.028
0.392
0.145

1500

3S

Orthopyroxene 5.5
Clinopyroxene 33.6
Garnet
12.1

89.3
62.0
63.4

5.1
4.4
24.5

0.050
0.319
0.140

1300

44

Orthopyroxene 2.9
Clinopyroxene 44.1
Garnet
14.1

94.6
53.8
61.8

2.6
2.1
24.1

0.025
0.414
0.164

1500

44

Orthopyroxene 5.5
Clinopyroxene 30.4
Garnet
11.1

90.2
63.5
64.8

4.3
4.7
24.1

0.050
0.290
0.129

tion correction of ±1 kbar
plied to the measured load
pending on the direction of
(Akella,
this Report).

has been appressures, depiston motion
Temperatures

measured using Pt-Ptl0%Rh
W3%Re-W25%Re
thermocouples.

roxene and orthopyroxene coexisting with
garnet at 1500°C and 31 kbar contain 12.2
and 7.3 wt % AI2O3, respectively (Table 13,
Fig. 41). The beginning of melting was

and
No

observed at 31 kbar and 1600°C, and the
first phase to melt was clinopyroxene.

correction for the effect of pressure on
thermal
emf has been applied to the
temperatures reported in this investigation. A .-mall amount of water was added
to the experimental charges in order to
facilitate grain growth.
Platinum capsules with tightly fitting lids were used as

M. J. O'Hara (personal communication)
gave 1615°C for this point. O'Hara (Year
Book 62, p. 116) has reported up to 11 wt
% AI2O3 in the pyroxenes of the garnet
-f- orthopyroxene + clinopyroxene assemblage at the beginning of melting.
However, synthetic clinopyroxenes formed

containers.
The subsolidus phase assemblage for the

at 1500°C and 38-44 kbar pressure show
a greater solid solution toward Mg-rich

initial compositions between 26 and 44 kbar pyroxene than O'Hara's estimate
(Fig.
pressure and at 1100'"-1500°C is garnet+ 41), which is in agreement with the obr-linopyroxene + orthopyroxene. Clinopy- servation of Davis and Boyd (1966).
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27.

Weight per cent
Fig. 41. Analyses of synthetic pyroxenes and garnets plotted on an AUOa-CaSiOa-MgSiOri wt c/c diagram.

The garnet that coexists with orthopyroxene and clinopyroxene contains 10—
14 mole % of the grossular molecule.
This amount is in general agreement with
the compositions of the garnets from natural garnet -f- enstatite + cliopside assemblages described by Boyd and Nixon
(Year Book 72, pp. 362-373) and Akella
and Boyd (this Report).
The Al20;i contents of orthopyroxenes
coexisting with clinopyroxene and garnet
are plotted as a function of pressure in
Fig. 42. The solubility of A1203 in orthopyroxene at 1500°C decreases from 7.1
wt % at 31 kbar to 4.3 wt % at 44 kbar.
In the present investigation the AI2O3
content of orthopyroxene at 31 kbar and
1200°C is 4.1 wt %, whereas under the
same conditions Boyd (1970) reported
3.7 to 4.5 wt %, and for the Ca-free system MacGregor (1974) reported 4.9 wt
% A1203 in the orthopyroxene.
Green

and Ringwood (1967 b ) and Boyd 1 1970 >
reported a decrease in the A1203 solubility in orthopyroxene from a Ca-undersaturated to a Ca-saturated system, and
the present results confirm the above observation.
The Ca/(Ca + Mg) ratio of enstatite
in equilibrium with diopside is a potentially useful geothermometer (e.g., Boyd
and Nixon, 1973) , but there appear to be
some difficulties in obtaining a satisfactory laboratory calibration for this curve.
Mysen and Boettcher (1974) reported a
systematic increase with temperature of
Ca/(Ca + Mg) in enstatite coexisting
with diopside in experiments on natural
samples. Hensen (Year Book 7:2, p. 532 1 .
also using natural samples, found that the
Ca/(Ca + Mg) ratio of enstatite increased with temperature, but his data
appear to show that this ratio also decreases with increasing pressure.
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Fig. 42. Weight percentage of AlsOa in orthopyroxene coexisting with clinopyroxene and garnet
as a function of pressure. Values in parentheses are temperature in degrees Centigrade.
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o

1400
Boyd and Nixon, 1973
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Fjk. 43. The Ca/(Ca 4- Mg) ratios of orthopyroxene coexisting with clinopyroxene and garnet
at different pressures as a function of temperature. Dashed line is an "empirical curve" for enstatite in ultramafic nodules given by Boyd and Nixon (1973).
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The Ca "Ca — Mgi ratios oi enstatites from the present experiments are
plotted as a function oi temperature in
Fig. 43. along with the empirical "enstatite thermometer" given by Boyd and
Nixon I 1973) for Iherzolite nodules from
SOtho. These results plot close to the
empirical curve but are displaced to
slightly higher values oi Ca (Ca + Mg).
The standard deviation for calcium provided by analyses on different orthopyroxene grains in a given sample ranges
from 0.1 to 0.3. Uncertainty in the Ca/
i Ca — Mgl ratio for one a is shown in
Fig. 43. These a values are larger than
would he expected from analytical errors
and may reflect slight variations in the
CaO content oi the orthopyroxenes or
errors induced in the analyses owing to
the small grain size of the phases in the
run products. These runs were made in
the pre- su re range 31-44 kbar, and there
is a suggestion that pressure decreases
( ':-. (Ca — Mg), but within the uncertainty - established by the a values it is
not possible to be certain the effect is
sent. Nevertheless, a comparison of
lata obtained at pressures above 30
kbar with the data obtained by Mysen
and Boettcher (19741 in the range 7.5-15
kbar strongly supports the idea of a pressure effect in the direction suggested by
Hensen {Year Book 72, p. 532). Thus,
the present results appear to support the
empirical curve of Boyd and Nixon
(1973), especially if allowance is made
the probability that many of the
.' 30tho Iherzolites have equilibrated at
ssures higher than the range 31-44
kbar fBoyd, 1973).
Natural enstatites in ultramafic nodule.- commonly contain as much as 0.10.3 wr <fi '{'](»_,. and it is interesting to
explore the effect of Ti on Al solubility in
enstatite. A small amount of titanium
pyroxene component, CaTiA^Oe, was
added to the pyrope7(1diop>ide..,P composition (mix PI)Ti. The compositions of
the coexisting phases in run- made at 31
kbar. 1100' ('. and 44 kbar. 1500 °C, using
mix PDT (Table 14 1 show that 0.25 to

0 A H N E c; 1 E

1 N S T i rr U TION

0.44 wt rr of Ti(\» is soluble in the orthopyroxene, whereas Ti(\> ranges from 0.5
to 0.6 wt rr in the clinopyroxene. The
TiOL> content of the garnet at 31 kbar and
1100°C is 0.56 wt rr, and it approaches
\c/c at 44 kbar and 1500°C. Runs made
at 44 kbar pressure and 1500°C temperature, using Ti-free and Ti-bearing mixtures, show that there is no significant
difference in the AI2O3 content of the
pyroxene. The presence of Ti(\> in the
original bulk composition does not seem
to have a marked effect on the solubility
of AI0O3 in the pyroxenes. Hensen also
failed to see a significant effect from his
studies on natural mixtures {Year Book
72, p. 531).
Discrete Nodules from the Artur
De PAIVA KlMBERLlTE,

ANGOLA

F. R. Boyd and R. V. Danchin

Discrete nodules or megacrysts are
commonly present in kimberlites along
with the better studied compound ultramafic nodules. Minerals found as discrete
nodules usually include garnet, ilmenite,
and diopside; enstatite and olivine appear less abundant, but there is reason to
suspect that olivine may have been overlooked insome cases (Boyd, this Report) .
In the kimberlites of northern Lesotho
these discrete nodules have ranges of
chemical composition that are quite distinct from those of similar minerals in
the compound nodules, and Boyd and
Nixon (1973) have suggested that the
discrete nodules may have originated as
phenocrysts in crystal-mush magmas in
the low- velocity zone.
Modifications in this model will undoubtedly be needed to interpret the
mantle sample from kimberlites in other
parts of southern Africa. Nevertheless,
the main attributes of the model might be
expected to extend over a broader area
than the northern Lesotho province itself.
It has thus been of considerable interest
to discover an assemblage of discrete
nodules in a coarse concentrate from the
Artur De Paiva kimberlite, 1400 miles
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TABLE 15. Representative Analyses of Discrete Nodules, Including a Diopside-Ilmenite
Lamellar Intergrowth from the Artur De Paiva Kimbeiiite Pipe, Angola, wt '-ft.

FRB 8/5
Si02
Ti02
A1203

Cr203
Fe,03
FeO
MnO
MgO
CaO
Na20
NiO
Totals

Cr

MFge3 +
Mn
Fe2+
Ca

Diopside

Ilmenite

54.2
0.39
3.53
0.51
5.17f

53.7
0.60

0.11
50.1
1.01
0.44

0.14
19.0
14.9

0.15
17.8

2.02
n.d.
99.9

4
1019
574
141
n.d.

Na
Ni
Totals

FRB 8/8

8/4

Diopside

n = 6
1954
11
150
15
156f

Si
Ti
Al

FRB

4024

3.04
0.18
5.60f

16.4
2.00
n.d.
99.5

25.3
0.39
10.9
0.03
11.8*
<0.03
<0.03
100.1

Number of Cations i for O = n X 1000
n = 3
n = 6
16
1956
3
28
877
130
5
1711
5
968
638
141
n.d.
4030

Garnet
42.7
0.81
21.5
1.48

0.30
8.81 1
20.8
4.84
0.05
n.d.

FRB

8/ J 2

Garnet
12.0
0.67
21.9
<0.03
13.3
0.45
17.9
4.65
0.06
n.d.

101.3

100.9

n = 12
43
3010
1789

n = 12

8

83

492
8
378
1
0 06*
2
2000|
0

18
519
2181
3667
n.d.
8016

3019
36
1854
0
798
27
1921
358
8
0
8021

*Calculated from the mineral formula.
fTotal Fe as ferrous iron.
|Cation total normalized in course of Fe2+ calculation.

northwest of Lesotho, that appear very
similar to the Lesotho samples. Megacrysts of diopside, garnet, ilmenite, and a
lamellar intergrowth of diopside and ilmenite have been found in the Artur De
Paiva concentrate.
The Artur De Paiva kimberlite pipe
is located 4.2 km NNE of Villa Artur De
Paiva in southwestern Angola at latitude
14°6' south and longitude 16°27' east.
The surface expression of the diatreme
appears to be almost circular, but because
of a cover of several meters of soil the
exact dimensions have not as yet been
determined.
Megacrysts of diopside and garnet in
the Artur De Paiva concentrate form
smoothly rounded
nodules up to 1%

inches in their largest dimension. The
diopsides have a grayish green color
typical of the low-Cr subcalcic diopsides
found at Thaba Putsoa and at other pipes
in Lesotho (e.g., Nixon and Boyd. 19736 > .
The garnets are orange-red, in contrast xo
the violet coloration of Cr-rich garnets.
The single example of a diopside-ilmenite
intergrowth that was found is a chip 3s
inch in diameter. The diopside is considerably altered to a buff-colored secondary mineral, but the intergrowth is
otherwise very similar to the lamellar
intergrowths found at Monastery and
elsewhere (Gurney, Fesq, and Kable.
1973).
Representative analyses given in Table
15 and plotted in Figs. 44 and 45 show
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many similarities to the Lesotho discrete
nodules. The diopsides are subcalcic with
equilibratioD temperatures near 1300°C,
and they plot within the field found by
Nixon and Boyd (19736) for ilmenitediscrete diopside nodules (Fig. 44).
The diopside from the diopside-ilmenite
intergrowth shows a lower equilibration
temperature (near 1200°C, Fig. 44), and
its composition is concordant with those
found for such intergrowths at other localities. Moreover, Cr203 (0.4-0.6 wt %)
and TiOa 10.4-0.5 wt % I in these discrete
nodules have composition ranges that are
slightly higher but comparable to values
found for diopside nodules in Lesotho
■Nixon and Boyd. 19736, Table 23).
These values contrast with the relatively
high Cr203

(>1

wt c'c I and low TiO,

1X 8 T 1T V T I0 N

(<0.1 wt c/c) that are typical of the Cr
diopsides in the granular garnet lhcrzolite nodules found in southern Africa.
The Artur De Paiva garnet nodules
have a range in Mg/(Mg + Fe) near 10
mole rr. but Ca is constant at about 11.5
nude cr (Fig. 45). The most Fe-rich of
the Artur De Paiva garnets plots close to
the field for ilmenite-garnct intergrowths
determined by Nixon and Boyd (19736),
although ilmenite inclusions have not
been found in this particular specimen.
The compositional ranges of both the
major and minor elements of the Artur
De Paiva garnets are strikingly similar
to those of the discrete garnet nodules
found in Lesotho.
One hundred ilmenite megacrysts from
the Artur De Paiva concentrate, ranging
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Fig. H. Compositions of discrete diopside nodules from the Artur De Paiva kimberlite pipe,
Angola, plotted in a portion of the pyroxf-rin quadrilateral. Point shown as a solid triangle is for a,
diopside from a lamellar intergrowth with ilmenite. Fields found by Boyd and Nixon (Year Book
for ilmenite-free, discrete diopside nodules and for diopsides intrrgrown with ilmenite from
northern Lesotho kimberlites are also shown. Temperatures are for points on the diopside solvus
r Da\L- and Boyd (1966).
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in size from ^4 to 1% inches, were analyzed by electron microprobe. An average composition for these ilmenites together with standard deviations and
ranges for each of the major components
are given in Table 16. The Artur De
Paiva ilmenite megacrysts do not vary
widely in chemical composition. The content of MgO, for example, ranges from
3.90 to 9.61 wt % (14.4-34.0 mole %
geikielite; average 25.2), and 89% of the
grains lie in the range 5.5-8.5 wt % MgO.
It is of interest that these ilmenite
megacrysts are somewhat depleted in
magnesium and enriched in ferric iron
compared with ilmenites from the Wesselton and Bultfontein kimberlites in
South Africa (Mitchell, 1973) as well as
ilmenites from various kimberlites in
Lesotho (Boyd and Nixon, 1973, Table
73). Ilmenites of chemistry similar to
that of the Artur De Paiva megacrysts
have, however, been described by Danchin et al. (1974), from various localities
in Lesotho and the Republic of South

Africa, where they occur as large, wellrounded nuclei of kimberlite autoliths.
These ilmenite nuclei were shown to be
less magnesian and richer in ferric iron
than ilmenites found in the groundmass
of the kimberlites in which they are enclosed. Danchin et al. (1974) noted that
kimberlitic ilmenites appear to originate
through several petrological processes and
suggested that the autolith nuclei are of
upper mantle origin. The iron-rich, magnesium-poor nature of the ilmenite megacrysts and autolith nuclei is therefore
noteworthy and is consistent with the
suggestion of Boyd and Xixon (1973)
that the discrete nodules are derived from
Fe-Ti rich magmas in the low-velocity
zone.
Compound ultramafic nodules, including garnet lherzolites and pyroxenites,
have not been found in the southern
Angolan kimberlite pipes, and so it is not
yet possible to reconstruct a mantle section for this area as has been done for
Lesotho. Nevertheless, the close corre-
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TABLE

St

16. Compositions of Umenite Megacrysts from the Artur De Paiva
Kimberlite Pipe, Angola, wt %

Average Value for
100 Megacrysts
Al I

Cr 0
FeO
Fc 0 '
MnO
MgO
KiO
Total
Ti
A

Cr
I
g
MMn
F< Xi

1 X S T I T VTION

46.01
o.tu>
0.75
16.12
28.85
0.36
6.94
<0.05
99.69

andard
D< aviation
2.29
n.
d.
Q.d.
1.64
1.87
n. d.
1.10
n.d.

Range
38,12-48.17
0.29-0.84
0.44-1.01
13.88-30.48
23.19-31.04
0.10-0.53
3.90-9.6]

0 = 3
0.839
0.017
0.011
0.294
0.585
0.007
0.247
0

Total

2.0001

"Calculated from the mineral formula.
tCation total normalized in the course of Fe2+ calculation.

spom lenee between the discrete nodule
suites in these areas suggests that the
model developed by Boyd and Nixon
"1973" for northern Lesotho may have
some generality in southern Africa.
< >ijvi\k Megacrysts from the Kimberlites oi i he Monastery and Frank
Smith Mines, South Africa
/•'. H.Boyd

One of the puzzling features of the dis• nodule association from the kimberlite- of northern Lesotho and elsewhere
in southern Africa has been the relative
paucity of olivine megacrysts (Boyd and
Nixon, 1974 1. These discrete nodules,
which arc single crystals commonly
coarser than 2 cm, include all the major
phases found in garnet lherzolites together with ilmenite. Nevertheless, olivine, the mo-T abundant phase in garnet
lherzolites. has rarely been found as a
discrete nodule or an inclusion in a dis-

crete nodule. New analytical data for
olivine megacrysts from the Frank Smith
and Monastery mines help to define the
chemical characteristics of these nodules
and suggest that their abundance may be
greater than previously believed.
A recent visit to the Monastery Mine
provided a collection of chips of coarse
concentrate of which 25% (12 out of 46) *
turned out to be olivine megacrysts when
examined under a binocular microscope.
Chips of ilmenite, ilmenite-diopside intergrowths, and garnet megacrysts were excluded in making this collection, but all
other nodules of mafic or ultramafic parentage were kept. These olivine megacrysts have a uniformly drab appearance,
and for this reason they may have been
overlooked at other pipes.
* Nixon (1973, p. 218) reported about this
.same abundance of "dunite" nodules relative to
ultrabasic nodules, ilmenite-free discrete pyroxene nodules, and basement gneisses at Monastery.
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from a sheared dunite with segments of
attached groundmass. One specimen
from Monastery (PHN L859M, Table 17)
consists of a single crystal of olivine 3
cm in length intergrown with an equally
coarse crystal of garnet and with granulated and reerystallized olivine along the
contact between the two. These deformation textures appear to link the olivine
megacrysts with the suite of sheared
lherzolites and discrete nodules believed
to have originated in the asthenosphere
rather than with the suite of littledeformed granular lherozlites, harzburgites, and garnet pyroxenites believed to
have originated in the lithosphere (Boyd
and Nixon, 1974).

The olivine megacrysts found in coarse
concentrate from the Monastery and
Frank Smith mines are predominantly
broken crystals, 2-5 cm in their maximum dimension. One specimen (FRB
183), which was found in a matrix of
hardebank rather than in concentrate,
was broken in the process of collection
from a crystal that was originally of the
order of 15 cm in length. Some of these
olivines show the effects of deformation
and shearing through undulate extinction
and granulation of part of the crystal.
In such specimens it appears impossible
to tell whether they are true discrete
nodules that have been sheared or
whether they are large porphyroclasts

;tery

TABLE

17. Compositions of Olivine Megacrysts* and an Intergrown Garnet from the
Frank Smith and Monastery Mines, wt %
Mona?

Frank Smith

SiOo
TiOo
Alo03
Cr203
FeO|
MnO
MgO
CaO
Na20
NiO
Totals

Si
Ti
Al

FeJ
Cr
Mg
Mn
Ca
Na
Ni
Totals
Mg/(Mg+Fe)

FS-27

FS-28

01
40.1

01

0.04
<0.03
<0.03
13.2
0.14
47.6
0.06
n.d.§
0.25
101.4
n = 4
986
1
0
0
272
3
1744
2
n.d.
5
3013
0.865

39.2
<0.03
<0.03
<0.03
14.8
0.17
45.4
0.04
n.d.
0.15
99.8

FRB

220

FRB

01
40.3
0.03
0.08
<0.03
11.7
0.13
48.8
0.09
n.d.
0.37
101.5

188

0.04
<0.03
19.0
0.24
42.9
0.03

01
40.0
0.03
0.05

1859 MiGt
42.0
1.10
21.4
0.89
9.38

0.04
12.7
0.16
48.2

0.28

n.d.
0.06

n.d.
0.39

01
38.6
0.03

100.9

Number of Cati
tons for O = n X 1000
n = 4
n = 4
n = 4
988
984
982
0
1
1
0
2
1
4030
0
0
239
312
4
3
5
1623
1775
1702
1
2
1
n.d.
n.d.
n.d.
3
7
1
3010
0.845

PHX

0.10

101.7
n = 4
9811
1
1
260
3
1760
3
n.d.
8

3013

3017

301S

0.881

0.801

0.871

*A11 are broken crystals 2-4 cm in their maximum
fSee text for a description of this specimen.
JTotal iron as ferrous iron.
§Not determined.

dimension.

4.65
21.2
0.10
n.d.
101.0
n 2977
= 12
1789
59
556
50
2237
17
353
14
n.d.
S052
0.S01
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TABLE

18. Averaged Analyses for an Olivine Megacryst (±15 cm) and Associated Small
200-400 pm), Kuhedral Olivines in Hardebank from the Monastery Mine,
Specimen FRB 183
wt

%
Euhedr al Olivines f

Olivine 1 Megacryst*
wt '7
•

Cr\\,

l-vo:
MnO
MgO
CaO
NiO

46.8
0.10
0.36
99.3

Totals

989
1
2
1
257
3
1747
3
7

Ti

a:
Cr
FeM
Mng
Ca
Xi

Mg

Mg-

-Fe)

3010
0.872

39.0
0.05
0.06
0.03
12.8

0.460
0.018
0.000
1.046
0.012

0.13
46.2

0.015
1.263
0.017
0.029

0.11
0.33
= 4000

Numl >er of Ca tions for O =

Si

a

j

0.409
0.007
0.069
0.006
0.151
0.005
0.512
0.006
0.015

30.5
0.04
0.08
0.03
12.3
0.13

TiO

Totals

INSTITUTION

99.3
993
1
2
1
270
3
1727
3
7
3007
0.865

"Average of nine analyses made over a span of 1 mm adjacent to contact with hardebank.
fAverage of ten analyses on different grains near contact with megacryst.
;Total iron as ferrous iron.

Analyses of a dozen olivine megacrysts
from the Monastery Mine show values
for Mg I Mg — Fe) ranging from 0.88 to
0.80. The extreme analyses (FRB 188
and FRB 220 1 are listed m Table 17. The
concentrations of CaO and AI2O3 are
illy above the detectability limit
(0.03 wt rr i and range up to 0.10 wt %.
Concentrations of TiOL» and Cr203 are
usually of lesser amount, close to or below the detectability limit. The content
of MnO increases with increasing FeO,
whereas NiO tends to decrease with increasing FeO. The two olivine mega3ts from the Frank Smith Mine (Table
17) are very similar to those from Mona- v. having intermediate values of
Mg/ (Mg - Fe).
Boyd and Nixon 0 974) have described
comparable olivine megacrysts from the

Letseng-la-terae pipe in Lesotho and
have noted their similarity to olivine inclusions in discrete garnet and ilmenite
nodules. The garnet in intergrowth PHN
1859M (Table 17) is consistent in this
regard, inasmuch as it has a composition
typical of a discrete garnet nodule.
Nevertheless, Boyd and Nixon (1974)
have also shown that the compositions of
these olivine megacrysts are indistinguishable from those of olivines in certain
dunite nodules. The megacrysts may be
true discrete nodules, but with equal
probability it could be argued that they
formed by disaggregation of coarsegrained dunites.
A third possible origin is suggested by
the data in Table 18, which contrasts the
composition of an olivine megacryst in
hardebank
from Monastery
with the
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these data suggest the possibility of a
connection in origin between the megacrysts and the much smaller euhedral
olivines in the kimberlite groundmass.

average composition of the small euhedral
olivines in the kimberlite groundmass
from the same specimen. This megacryst
was originally about 15 cm in length and
is remarkably homogeneous. The a for
FeO (Table 18) is not much larger than
that to be expected from the counting
statistics. Euhedral olivines in the

Ultramafic Nodules from the
Frank Smith Kimberlite Pipe,
South Africa
F. R.Boyd

groundmass of the hardebank adjacent to
the megacryst are partially serpentinized,
but their original dimensions were in the
range 200-400 /xm. They have a variable
composition from grain to grain, as can
be judged from the fact that a for FeO
is much larger than for the megacryst
(Table 18). Their mean composition,
however, is virtually identical with that
of the megacryst in Mg/(Mg + Fe) and
in the concentrations of minor elements.

Abundant and varied upper-mantle
xenoliths in the Frank Smith kimberlite
were erupted at a locality 400 km west of
the kimberlite province of northern
Lesotho (Fig. 46). These xenoliths are
being studied to learn to what degree the
mantle model developed by Boyd and
Nixon ( Year Book 72, p. 431 ) can be
extended to other areas in southern
Africa. The xenolith suite at Frank Smith
resembles that in northern Lesotho in
that it includes sheared lherzolites be-

Undoubtedly there are a variety of circumstances inwhich olivines of this composition could crystallize. Nevertheless,

0
i
i

i

i

400
i

km

Fig. 46. Map of southern Africa showing the location of the Frank Smith kimberlite pipe.
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Fig. 47. Estimates of equilibration temperatures and depths for some ultramafic nodules from the
Frank Smith pipe compared with the Lesotho geotherm (Boyd and Nixon, Year Book 72, p. 431).
Equilibration temperatures were calculated from the Ca/(Ca + Mg) ratios of the diopsides (Boyd,
1973 ) using the diopside solvus determined by Davis and Boyd (1966). Equilibration pressures were
estimated from isopleths determined for the system MgSiO.s-ALO.! by MacGrcgor (1974); the corBction procedure of Wood and Banno (1973) was used. Diopside megacrysts identified as "Di only"
are large single crystals of diopside ; those identified as "Di + llm" are lamellar intergrowths of
diopside and ilmenite. See text for discussion of exsolved pyroxenites and spinel peridotites.

ed to have originated in the upper

found in northern Lesotho and at the

' of the asthenosphere, along with
granular Iherzolites believed to have come
from shallower depths in the lithosphere.
An interesting difference between these
xenolith suites is that coarse-grained garpyroxenite nodules are abundant at
Frank Smith, whereas they occur only
sporadically in northern Lesotho pipes.
Moreover, the Frank Smith xenoliths include a group of .-pine] peridotites whose
pyroxene compositions appear inconsistent with the geotherm based on the garnetiferous rocks.
Similarities between the megacrysts
found at the Frank Smith pipe and those

nearby Monastery pipe, South Africa, include pyroxene-ilmenite lamellar intergrowths along with large single crystals
of garnet, pyroxene, and ilmenite having
compositional ranges distinct from those
found for similar minerals in compound
nodules (Nixon and Boyd, 1973a).
Nevertheless, the Frank Smith megacrysts also include distinctive varieties
believed to have originated by disaggregation of ultra-coarse pyroxenites and
eclogites.
Estimates of the temperatures and
depths of equilibration for a number of
Iherzolites, pyroxenites,
and
enstatite
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megacrysts from the Frank Smith Mine
are compared with the Lesotho geotherm
in Fig. 47. Methods of calculation of
equilibration conditions for the garnet
lherzolites and pyroxenites have been reviewed by Boyd (1973). Calculation of
equilibration conditions for the enstatite
megacrysts depends on the assumption
that they have crystallized as a part of
the assemblage enstatite + diopside +
garnet (Boyd and Nixon, 1973) . The fact
that points for the enstatite megacrysts
fit a geotherm based on the lherzolites
shows that the assumption is most likely
correct. It is possible to estimate equilibration temperatures for the diopside
megacrysts, but their depths of equilibration cannot now be reliably estimated
(Fig. 47).
Temperature-depth points for the
Frank Smith nodules form a trend very
similar to the Lesotho geotherm. Points
for sheared lherzolites and enstatite
megacrysts from the Frank Smith pipe
fit the inflected portion of the Lesotho
geotherm remarkably well. Nevertheless,
points for granular lherzolites and pyroxenites from Frank Smith define a trend
parallel to the Lesotho geotherm but at
about 75°C lower temperature (Fig. 47).
At 1000 °C, the o- for equilibration temperature isabout 20 °C, assuming homogeneity in a diopside and assuming an
uncertainty in electron microprobe analysis for Ca and Mg of 2 relative %. Thus,
this temperature difference between the
shallower limbs of the Lesotho and Frank
Smith geotherms appears significant.
Additional points are needed to define
more precisely the points of inflection in
the Frank Smith geotherm, but it appears
to be about the same as for northern
Lesotho, i.e., near a depth of 150 km.
Points for granular lherzolites and
sheared lherzolites from the Frank Smith
Mine form two pronounced clusters (Fig.
47) that resemble the pattern found for
the Thaba Putsoa pipe in Lesotho (Boyd
and Nixon, 1974, Fig. 47). The cluster of
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points for the Frank Smith sheared lherzolites is remarkably tight. Equilibration
temperatures for' ten of these rocks range
from 1230° to L265°C, and their depths
of equilibration all plot in the range 100170 km. Such clusters may be caused by
predominance of other rock type.- in
intervening depth range. A contributory
factor may be that differences in the degree of shattering of wall rocks cause individual kimberlites to include xenoliths
erratically during eruption.
A pronounced difference between t hesheared lherzolite suites at Frank Smith
and in northern Lesotho is found in their
contrasting relations between degree of
deformation and depth of equilibration.
Sheared lherzolite nodules from northern
Lesotho show a progressive degree of deformation with increasing depth of equilibration. This relationship is especially
well brought out when the textural classification ofBoullier and Nicolas ( 1974 1
is used (e.g., Boyd and Nixon, 1974. Fig.
4). Nevertheless, the sheared lherzolites
from the Frank Smith pipe, which appear
to have equilibrated in an extremely
limited depth range, show the entire sequence of deformation textures found in
the sheared lherzolites from northern
Lesotho. The least deformed of the
sheared lherzolites from the Frank Smith
Mine have textures that are transitional
between tabular and porphyroclastic.
Lherzolites showing all gradations in textures from porphyroclastic to mosaic are
present, and the most intensely deformed
rocks have fluidal mosaic textures.
The tectonic significance of this finding
needs further consideration, but it would
appear that the mantle stresses that deformed the lherzolites erupted in the
Frank Smith kimberlite varied greatly in
intensity over distances of no more than
a few kilometers. The discovery of this
relationship makes it appear improbable
that differential stress is affecting the
phase equilibria used to estimate the
equilibration conditions.
Phlogopite
relations
in the Frank

2SS
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Smith rocks differ from those found in
nodules from northern Lesotho in that
the sheared lherzolites at Frank Smith
commonly
contain
patches
oi finened, strongly pleochroic phlogopite
that mantle the kelyphite rims on the
garnets. These phlogopite mantles are
presumably late-stage in origin. Phlogopite in the granular lherzolites and pyroxenites at Frank Smith forms coarse interstitial flakes, which contrast with the
phlogopite mantling garnet in being very
pale in color.
The average Mi: (Mg + Fe) ratios for
olivines in the sheared lherzolites and
granular lherzolites from the Frank
Smith pipe are. respectively, 0.905 and

TABLE

0.930. These ratios are virtually identical
with those found for olivines in similar
rocks from northern Lesotho (Boyd and
Nixon, 1974, Table 2). The concentrations of Ci'aOa in garnets from the sheared
lherzolites at Frank Smith are generally
in the range 3-5 wt % (Table 19),
whereas in the granular lherzolites the
garnets contain 2-3 wt °/c Cr203 (Table
20) . This is exactly opposite the relationship found for northern Lesotho lherzolites! Itappears that variations in Cr20;^
in these garnets and diopsides may be
caused by factors other than varying degrees of depletion of the host lherzolites.
Significant variations in Cr20.? content
between different garnet porphyroclasts

19. Compositions of Minerals in Representative Sheared Lherzolites and a
Dunite, Frank Smith Mine, South Africa, wt %
FRB 85

FRB 81

En

01
SiO
TiO*
AL03
Cr:0,
MnO
FeO*
MgO
I

,1

Xa o
XiO

Totals

40.5
<0.03
<0.03
0.04
7.85
0.09
51.5
0.06
n.d.t
0.33

I)i

En

Gt

55.8
0.25
0.95
0.35
4.75
0.10
36.4
1.16
0.25
n.d.

100.4

100.0

/, = 4

n = 0
1926

Si
Al
Cr
Mg
Mr,
'

Na
Xi
Totak
Mg Mg+Fe)
Ca/(Ca+Mg)

983

55.0
0.39

42.0
0.88

2.12
1.19
3.05

19.5
4.43
6.35

0.10
19.7

0.29
22.0

17.4
1.51

5.09
0.08
n.d.

n.d.
100.5

100.6

n = 6
1966

n = 12
2984
47

0
1
1
159

10
39
137

10
91
8!)
31

2

Q

3

377
17

1050

2326

6

1863

43
1871

2
0
6

17

665
105

n.d.

n.d.

1052

1013

0.932
0.022

0.920
0.388

30 1 7
0.921

Di

40.7
01
<0.03
0.07
0.04
0.13
8.71
50.7
0.06
n.d.
0.38

100.8

Number of Cations for O = n X 1000
Ti

1 X S T I T V T10N

1 634

249

n 987
= 4

57.1
0.16
1.00
0.25
5.24
0.11
35.5
1.13
0.22
n.d.

100.0

n = 6

n = 6

1954

1974

404
1507

3

3

2

387
11
n.d.

n.d.

8032

30 1 2

0.860

0.912

7

19.4
17.0
1.46
n.d.

100.7

0
2
1
177
1833

2.38
0.29
55.1
0.93
3.33
0.11

1811

15
41

n.d.
1025
0.924
0.022

41.9
Gt
0.73
20.2
3.20
7.00
0.27
21.8
4.70
0.08
n.d.

99.9
n =

26
8
101
100

2992

3

2318

12

1 698

39
181
418
16

1039

653
101
n.d.
4005
0.912
0.386

360
11
n.d.
8033
0.847
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TABLE 19. Continued
PHN
01
Si02
Ti02
A1203
Cr203
MnO
FeO*
MgO
CaO
Na20
NiO
Totals

Si
Ti
Al
Cr
Mg
Mn
Fe*
Ca
Na
Ni
Totals
Mg/(Mg+Fe)
Ca/(Ca + Mg)

40.0
0.03
0.05
<0.03
11.8
0.12
48.6
0.07
n.d.
0.30
101.0

2780
Gt
41.5
1.07
20.2
2.32
8.95
0.33
20.8
4.75
0.08
n.d.
100.0

FRB
01
41.0
0.04
0.05
0.04
8.72
0.13
50.8
0.06
n.d.
0.36
101.2

76

8045

0.880

0.805

3009
0.912

G1 2,

En

Di

56.9
0.27

51.1
0.48

12.2
0.83

0.97
0.30

2.12
0.95

5.19
0.11
35.6
1.17
0.23
n.d.

3.40
0.14
20.0

20.8
2.89
0.30
6.71

= n X
100.7

17.1
1.66
n.d.
100.0

Number of Cations for O
1000
n = 6
n
=
12
n = 4
n = 6
n = 4
2983
983
13
1948
990
1949
1
1
7
58
27
1
1
39
90
1711
1
0
8
132
103
149
176
241
20
538
2
4
3
3
1779
2226
1817
1828
43
1074
2
2
15
366
116
661
n.d.
11
n.d.
n.d.
n.d.
n.d.
7
6
3015

Gt(l)

4029
0.924
0.023

4037
0.913
0.381

4.75
22.2
0.08
n.d.
100.8

42.0
0.52
19.6
1.28
6.65
0.28
21.8
4.88
0.05
n.d.
L00.1

n = 4312
2978

n = 12
27
2998

1726
159

1647
241
17
396

16
396
2333
358
10

2315

n.d.

373
6
n.d.

8019

8020

0.855

0.854

*Total Fe as ferrous iron.
fNot determined.
FRB 81: Sheared lherzolite; fluidal mosaic texture.
FRB 85: Sheared lherzolite; texture is transitional between tabular and porphyroclastic.
PHN 2780: Sheared garnet dunite; porphyroclastic.
FRB 76: Sheared lherzolite; mosaic texture. Two garnet analyses show extremes in Cr content
for a group of seven porphyroclasts in one thin section.

in a specimen of sheared lherzolite have
been found (e.g., FRB 76 garnets, Table
19).
Compositions of minerals in the garnet
pyroxenites from the Frank Smith Mine
are extremely variable from one specimen to another in Mg/(Mg + Fe) and
also in Cr203 and Ti02 (e.g., Table 20).
One group of garnet pyroxenites is characterized by coarse-granular textures
with variable development of fine-scale
exsolution
in the pyroxenes.
Some
of

these rocks have equilibration temperatures higher than those of the granular
lherzolites found at the Frank Smith
locality (Fig. 47).
A second group of garnet pyroxenites
has textures that consist primarily of
coarse crystals of enstatite up to 1 cm
in their largest dimension with coarse (up
to 0.5 mm) exsolution lamellae of garnet
and diopside in the enstatite and with
variable development of interstitial
grains of diopside and garnet. In some
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specimens the lamellae of garnet and diopside can be soon to coalesce with interstitial grains, and thus these rocks can be
termed "exsolved pyroxenites." Such textures have also boon noted by MacGregor
1 1973 I in nodules collected at other pipes
in southern Africa. The Ca '(Ca + Mg)
ratios for diopsides in two pyroxenites of
this type were found to be in the range
0.49-0.50 (e.g., FRB 27. Table 20). Analytical uncertainty and lack of temperature sensitivity of the diopside solvus in
this range make it impossible to use the
solvus to estimate equilibration temperatures for these rocks. It may be said only
that they have equilibrated at temperatures below 900 °C. The AI0O3 contents
TABLE

TiOA1203
Crc03
MnO
FeO*
MgO
CaO
X;, O

KiO
Totals

Ti
Al

Cr
1

Mg
Mn

I
Na
Xi
Total*
Ca/rCa + M*;

range 0.0-0.8 wt % (e.g., FRB 27, Table
20) . and thus they appear concordant
with the Frank Smith trend (Fig. 47).
Many of the megacrysts found at
Frank Smith are similar to those found in
the northern Lesotho pipes (Table 21;
also Nixon and Boyd, 1973a). Boyd and
Nixon (1973) have speculated that these
megacrysts originated in crystal-mush
magmas in the low-velocity zone. The
garnets are orange-red, with Cr20;i usually <1.5 wt %, TiG2 near 1 wt %, and
Mg/(Mg + Fe) variable in the range
0.70-0.88. The diopsides are subcalcic
with Cr2Oa <1 wt %, and they have a
characteristic grayish green color. The

57.2
<0.03
0.57
0.09
7.10
0.17
34.4
0.52
0.03
n.d.t
100.1

PHN

FS-1

Gt

54.3
0.04
1.19
0.38
3.32
0.11
18.1
22.2

41.3
0.09
21.7
1.87

0.92
n.d.

of Cat

n = 6
1978

n = 6

231

1

2
207
5

1773

51
101
11
3
978

19
2

861
65

1965

Q.d.

n.d.

4010

4036

0.896
0.011

0.907
0.468

Di
41.7

57.3
0.53
<0.03

10.2
0.46
19.2
4.93

0.34
3.63
0.12
37.9
0.50

<0.03
n.d.

0.04
n.d.

99.8

100.5

ons for O =
n = 12
2981

5
1846

107
618
28
2070

100.4
= n X 1000

n = 6
1951

1
21
9
103
183

1924

381
1
n.d.
8037
0.770

2364a

Gt

En

I)i

Number
Si

o( the enstatites in these rocks are in the

20. Compositions of Minerals in Some Representative Granular Pyroxenites
and a Lherzolite. Frank Smith Mine. South Africa, wt %

Ed
SiO,

INSTITUTION

3

54.4
<0.03
0.92
1.34
1.56

0.13
17.8

0.08

5.72
0.39
20.1

18.2
21.8

7.90

6.92

0.84
n.d.

<0.03
n.d.

99.1

100.7

n = 6
40
1983

n = 12

1

3000
7
1505

48

449

39
9862

344
24
2153

850

533
1

n.d.

n.d.59

4033

4008

n.d.

8016
0.949
0.009

0.954
0.463

0.862
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TABLE

FRB
En
Si02
Ti02
A1203
Cr203
MnO
FeO*
MgO
CaO
Na20
NiO
Totals

56.7
0.05
0.65
0.16
7.54
0.12
35.0
0.28
<0.03
n.d.
100.5

Cr
Mg
Mn
Fe*
Ca
Na
Ni

Totals
Mg/(Mg+Fe)
Ca/(Ca + Mg)

4
218
4
1803
10
1
n.d.

nued

54.0
0.07
1.19
0.63
2.89
0.07
16.8

28
FRB

27

En

Di

n = 6
1958
1
26

Si
Ti
Al

20. Cont

Gt

Gt
40.8
0.10
21.1
2.19

23.2
1.05
n.d.

12.4
0.48
17.3
5.75
<0.03
n.d.

99.9

100.1

01
40.9
<0.03
<0.03
<0.03
7.98
0.07
52.0
<0.03
n.d.
0.37

= n X
101.3

41.6
57.3
<0.03
0.61
0.18
4.85
0.10
37.2
0.21
0.04
n.d.
100.5

1000
Number of Cations for O
n = 6
n = 6
n = 12
n = 4
983
2979
1956
1970
250
2
0
5
1813
0
18
126
51
0
5
138
160
88
757
2
1
3
916
1893
30
1883
1864
907
0
8
450
n.d.
3
3
74
n.d.
7
n.d.
n.d.

4025

4028

0.892
0.006

0.912
0.498

Di

54.1
<0.03
2.22
1.67
2.10
0.08

<0.03
21.7
2.30
8.28

16.1
21.3
1 .99

0.44
20.2
4.80

n.d.

n.d.
<0.02

99.6

99.3

n = 6
1972
48
951

n = 12
2989
1
131
1842
498

642

27
2165

873

370
3

831
141
n.d.

n.d.

8046

3015

4031

4027

8026

0.713

0.921

0.932
0.004

0.932
0.488

0.813

*Total Fe as ferrous iron.
fNot determined.
FS-1: Coarse-granular garnet pyroxenite; grain size up to 6 mm.
PHN 2364a: Granular garnet pyroxenite; grain size up to 2 mm. Accessory phlogopite.
FRB 27: Coarse-granular exsolved pyroxenite; enstatite grains up to 7 mm with interstitial garnet
and diopside. Accessory phlogopite.
FRB 28: Coarse-granular garnet lherzolite; grain size 3-4 mm.

enstatites are light brown and have Ca/
(Ca + Mg) > 0.015. Both diopside and
enstatite form lamellar intergrowths with
ilmenite (e.g., FRB 21, Table 21; also
Nixon and Boyd, 1973a). These megacrysts appear to have formed with the
sheared lherzolites (Fig. 47) at depths
greater than the granular lherzolites and
pyroxenites, both for northern Lesotho
samples and for those from the Frank
Smith Mine.
Nevertheless
there
are
additional
megacrysts found at Frank Smith that

appear to have very different origins.
Crystals of enstatite with exsolved garnet
and diopside (e.g., PHN 2367, Nixon and
Boyd, 1973a) appear to have come from
disaggregated
pyroxenites"of
described above."exsolved
Similar megacrysts
chrome-diopside with exsolved enstatite
and garnet have also been found. Less
common are crystals that have possibly
come from coarse-grained disaggregated
eclogites and grospydites.
Among the ultramafic nodules erupted
in the Frank Smith kimberlite are a suite

292

0 A R X E G 1E

of chromite-spinel peridotites and harzburgites that have abundant enstatite
crystals up to 1 cm in their Largest dimension enclosed in a black "groundmass" of
partially serpentinized olivine. The enstatite has cleavage and luster that are
almost micaceous. In some cases chromite-spinel ispresent in interstitial symplectites with pale phlogopite.
Electron microprobe analyses for the
enstatites in three of these rocks (Table
22' show that they contain 2.5-3.5 wt c/c
A.l203, in contrast to the range of 0.5-1.0
wt <~r A.I2O3 found for the garnetiferous
rocks (Tables 19. 20. and 21). One of
the three analyzed specimens is a pendente containing diopside with an equilibration temperature near 950°C.
The

TABLE

INSTITUTION

other two are harzburgites, but the concentrations of Ca in the enstatites in
these rocks (Table 22) indicate minimum
equilibration temperatures near 1150°C.
These specimens appear to have crystallized in the spinel peridotite facies
rather than the garnet peridotite facies.
The combination of relatively high equilibration temperatures with moderately
high AI2O3 contents in the enstatites suggests that these rocks have formed at
relatively high temperatures and low
pressures and probably are not concordant with the geotherm based on the garnet lherzolites and pyroxenites. No
attempt is made here to calculate equilibration pressures for these spinel peridotites because of large uncertainties intro-

21. Compositions of Discrete Nodules* from the Frank Smith Mine,
South Africa, wt %
PHN

SiO
Ti< )
A120,
Cr:0?,
Fe:0,
I 11
MnO
MgO
l 11
Ka 0

FRB 92
Ed

2786E1
En

56.7
0.18
1.23
0.14
6.93f

56.9
0.17

0.13
33.7
1.33
0.31

n = 0
1957
.7)5
4

aoot

Cr
Mg
Mr,! ■
1■
Ca
Na

Totals

56.1
0.26
1.05
0.16
6.83f

I2786E3
En

56.2
0.26
1.05
0.12
6.95f

8.511
0.20
33.0
0.76

33.0
1.24

1.25
33.4

0.12

0.21

0.21
99.6

00.4

100.

Si
Ti
Al

0.74
<0.03

2786E2
En

Number
/< = 6
1976
4
301

0.14

99.0

0.16

2786B
Di

i
1 732
49
21

2170 +
1708
28
8

14

1022

1008

40 1 0

41.5

53.8
0.63
2.36
4.81f
0.45

1.22
20.6
1.33
9.19|

0.14
18.8
16.4
1.95

0.29
20.9
4.82
0.10

99.3

of Cations for O = n X 1000
n 1956
— 6
n = 6
n = 6
1966
17
1960
43
7
437
14
136f
101
4
2033 f
200+
4
1725
47

FRB 13
Gt

5
1 736
47
14

4
1022
640
138

4018

4037

FRB 14
Gt
41.7
0.94
8.98f
21.0
1.36
0.29
21.3
4.32
0.11

100.0

100.0

n = 12
66
2980

n = 12
2980

55 If
1744
75

537f
1773
51
77

18

18

2233

2270
15

370
14
8051

331
8052
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TABLE 21. Continued
FRB 15
Gt
Si02
Ti02
A1203
Cr203
Fe203
FeO
MnO
MgO
CaO
Na20
Totals

PHN
FRB 79
Gt

11.6f

42.0
0.90
21.1
1.32
8.67f

0.38
19.8
4.13
0.15

0.25
21.7
4.20
0.09

41.4
1.04
21.5
0.12

100.1

100.2

Di

Gt

53.3
0.60

41.2
1.36

2.44
0.51
4.67f

Si
Ti
Al
Cr
3+
MFge
Mn
Fe2+

Ca
Na
Totals

23
2130
319
21
8059

n = 12
2990
48
1770
516f
74
15

20.1
1.74
9.57f

10.6}
51.4
0.68

ll.Of
0.06

<0.03

0. 1 0

25.3
0.27
11.7
n.d.§

0. 1 6

=99.7
n X

8045

4039

<0.03

100.1

n = 12
2975

n = 12
2990
40

n = 3
183 5}

1711
74
99
578f

1861
665f
3

895
19
0

2202
380
15

8054

rim

18.6
o.OOt
17.4
1.61
99.6

0.09
0.75
51.6
10.lt
0.18
23.9
0.24
12.5
0.03
n.d.
99.4

1000

of Cations for O

20

21

Di

21.9
0.74

99.8

4
1014
653
136

11m

54.0
0.46
2.29

98.8

2300
320
12

FRB

0.13

0.14
18.6
16.6
1.92

105
15
143f

17

41.5

0.40
19.7
4.39
0.05

n = 6
1952
17

B

Gt

0.32
20.5
4.91
0.11

Number
n = 12
2979
56
1827
7
697f

FR
2786A

489
24
2111
339
7
8040

5
403
20000||
n.d.

n = 6
1963
98
13
3

n =175|
3
2
20
898
3
463

152t
5
1006
677
113
4030

5
432
1
n.d.
2000

*See Nixon and Boyd (1973a) for additional analyses of Frank Smith discrete nodules.
fTotal Fe as ferrous iron.
JFerric iron calculated from mineral formula.
§Not determined.
|(Cation total normalized in course of Fe3+ calculation.
FRB 92: Enstatite megacryst, 3 cm.
PHN 2786E/1-3: Enstatite megacrysts, 1-2 cm.
PHN 2786B: Diopside megacryst, 1 cm.
FRB 13: Garnet megacryst.
FRB 14: Garnet megacryst, 2 cm.
FRB 15: Garnet megacryst, 2 cm.
FRB 79: Garnet megacryst, 4 cm.
PHN 2786A: Griquaite with predominant garnet and subordinate intergrown diopside.
FRB 17: Ilmenite nodule, 3 cm diameter, with inclusions of garnet.
FRB 21: Diopside/ilmenite lamellar intergrowth.

duced by solid solution of Cr in the spinel
phase.
The Mg/(Mg + Fe) ratios for the
olivines and pyroxenes in the spinel periciotites are high, in the range 0.93-0.95
(Table 22) ; hence they appear residual
in origin. Possibly their pyroxene compositions reflect igneous activity at
shallow levels in the mantle rather than

the ambient conditions of temperature
and pressure.
These preliminary data for the Frank
Smith xenolith suite suggest that the
principal elements of the mantle model
developed for northern Lesotho (Boyd
and Nixon, Year Book 7:2, p. 431) can be
extended to a locality 400 km west of
northern Lesotho.
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TABLE

22. Compositions of Olivines and Pyroxenes from Anomalous Spinol-Harzburgites
and Peridotite, Frank Smith Mine, South Africa, wt %

FRB
01

aoi

TiOi
Al.-O.,
Cr/)i

MnO
FeO*
MgO
CaO
Na 0
NiO
Totals

40.7
<0.03
<0.03
<0.03
6.61
0.11
52.2
<0.03
n.d.t
0.35

55.7
<0.03
3.12
0.84
4.21
0.09
36.5
0.98
<0.03
0.03

100.0

101.5

986
0
1
0

Si
Ti
Al
Cr

Mg

134
2

Mn

Fe*

Totals

Ca Ca+Mg)
Mg (Mg+Fe)

1884
0
0
7
3014
0.934

0.019
0.939

2788C

01
40.7

En

01

56.0

41.1

<0.03
<0.03
<0.03
6.59
0.08

<0.03
2.54
0.84
4.02
0.09

<0.03

55.5
<0.03

<0.03
<0.03
7.54

0.59
3.54
4.67
0.15

52.6
<0.03
n.d.
0.33

36.2
0.85

0.14
52.6
<0.03
n.d.
0.44
101.8

<0.03
n.d.
=100.5
n X

100.3

X umber of Cations for O
1888
982
0
0
125
0
0
22
133
119
3
2
1845
1894
36
0
0
0
1
6
4039

PHN

FRB 78

< i

En

Ca
Na
Ni

INSTITUTION

Di

En
5 1 .9
<0.03
1.15
4.04
1.81
0.09
17.3

34.7
0.60

22.1
1.23

<0.03
n.d.
99.8

n.d.
99.6

1000
982
0
0
0
151

1909
0
144
16

1
n.d.31

3
1874
0
0
8

4
1782
22
1
n.d.

3017

4027

3018

4012

941
863
87
n.d.
4048

0.934

0.017
0.941

0.926

0.012
0.930

0.478
0.945

1912
0
23
102
115
3
1840

134

18920
174
55
33
3

*Total Fe as ferrous iron.
fXot determined.
FRB 77: Granular chromite-spinel harzburgite.
FRB 78: Granular ehromite-spinel harzburgite.
PHX 2788C: Granular peridotite.

Xenoliths in Diatremes of the
Western United States
David II . Eggler and M. E. McCallum*

Xenoliths in the Ming Bar Diatreme,
Montana
The Ming Bar diatreme penetrates a
complexly folded and thrusted sequence
of sedimentary rocks northeast of Helena,
Montana, in the northern end of the Big
Belt Mountains (G. D. Robinson and
M. E. McCallum, unpublished data) . The
* Colorado State University, Fort Collins,
Colorado, and UJS. Geological Survey, Denver,
Colorado.

pipe is of particular interest because it
contains nodules of granulite, pyroxenite,
and peridotite that are probable samples
of the lower crust and upper mantle. The
matrix is alkali olivine basalt that is unusually magnesian (Mg/[Mg + Fetotai]
= 0.77-0.83). Large foundered blocks of
Cretaceous sedimentary units fill the
upper portion of the pipe. Margins of the
pipe are intensely brecciated and granulated.
Ultramafic nodules include olivine and
chrome diopside megacrysts, wehrlite,
lherzolite, and harzburgite. The most
abundant nodule type is single- to multigrained ovoid megacrysts of olivine. The
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Phenocrysts
Megacrysts
Mg

without
(with
or
spinel)

Fe
• matrix
O phenocryst
■ megacryst

V
A wehrlite
▼ Iherzolite

mole

/Mg

%

Fe

JJ

15

Q.

0

I

I

Wehrlite
Lherzolite
♦ harzburgite

100

90

805

Z

100 Mg/Mg+Fe

(A)

(B)

Fig. 48. Compositions of clinopyroxenes (A) and olivines (B) from ultramanc nodules and basalt of the Ming Bar diatreme.

megacrysts are chemically indistinguishable from phenocrysts (Fig. 48B). Chrome
cliopside megacrysts (Fig. 48 A) attain 5
cm in length and contain 1.0-1.5% Cr203.
Wehrlite nodules are composed of olivine
with less chrome diopside (Fig. 48A) and
spinel (Cr/[Cr + Al] = 0.25-0.35). One
nodule of spinel lherzolite and one nodule
of spinel harzburgite have been found.
Chrome diopside of the lherzolite is less
calcic than other clinopyroxenes (Fig.
48A). Spinel of the harzburgite is chromerich (Cr/[Cr + Al] =0.65).
Granulites are composed of clinopyroxene (Ca4oMg40Fe2o) , orthopyroxene (CaH
Mg,i4Fe3o), plagioclase (An50-.-,r,), and
hercynitic spinel. Pyroxenites are composed of either clinopyroxene alone (Ca44
Mg44Fei2) or clinopyroxene (Ca43Mg87
Fe2o) and orthopyroxene (Ca2MgooFe38)
and contain hercynitic spinel. Pyroxene
chemistry indicates that the granulites
and pyroxenites are related and clearly
separates these nodules from the more
magnesian peridotites.
The Ming Bar diatreme is one of the
few "drill holes" into the mantle in the
Rocky Mountains. It is believed to have
originated in an upper mantle section
consisting of spinel lherzolite and harzburgite and to have penetrated a lower
crust of granulite and pyroxenite. Oli-

vine and chrome diopside megacrysts and
wehrlites may also be accidental inclusions of mantle or may be cognate to the
basalt of the diatreme.
Preliminary Upper Mantle— Lower Crust
Model of the Colorado-Wyoming
Front Range
Kimberlite diatremes in the Front
Range have yielded one of the most extensive collections of upper mantle samples in North America (Eggler and McCallum, Year Book 72, pp. 446-449; McCallum, Eggler, and Burns, 1974). From
the collection of the past year a model
of the crust-mantle section that the pipes
have penetrated has been formulated
(Fig. 49).
All xenoliths, with the possible exception of sovites, appear to be accidental
inclusions. Equilibration temperatures of
those nodules have been calculated by
two methods. In one method the composition ofclinopyroxene is used with the
clinopyroxene-orthopyroxene solvus
(Davis and Boyd, 1966). In the other
method, applicable to nodules with equilibration temperatures less than 1000 °C,
the Fe-Mg distribution between garnet
and clinopyroxene {KD) is used. Data on
KD collected by Hensen ( Year Book 72,
p. 534) and by Mysen and Heier (1972)
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The crust in this model is about 50 km,
the present thickness beneath the Front
Range estimated by Pakiser and Zietz
(1965). The diatremes were emplaced in
Devonian time, and the net effect of subsequent erosion and tectonism has been
the removal of a few kilometers of section. The upper crust consisted of Precambrian gneisses and granites that outcrop at the present erosion level. The
lower crust is believed to have been granulite and pyroxenite, partly because of
nodules found in the pipes and partly by
analogy with the Ming Bar pipe in Montana (Eggler and McCallum, this Report). Nodules recovered are pyroxene
granulites. Assemblages are hypersthene

have been combined. Equilibration pressures oi garnet-orthopyroxene-clinopyroxene assemblages have boon computed
. the Al20a content of orthopyroxene,
by the same procedure described by
Akolla and Boyd (this Report). Nodules
for which only equilibration temperatures are known have boon assigned
depths on the assumption that all nodules
have equilibrated along the geotherm defined by nodules for which P and T are
calculated. This assumption is believed
valid because all nodules have essentially
granoblastic, equilibrated textures. At
depths less than 130 km. calculated P-T
points, with one exception, fall oloso to
the shield geotherm of Clark and Ringwood 1 1964 1. At deeper levels, points fall
in the vicinity of that geotherm but at
somewhat higher temperature.

(Mg/[Mg + Fe] = 0.58)-magnetiteplagioclase (An3G)-microcline and augite
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Fig. 40. Model of the mi.-t and mantle beneath the Front Range of Colorado and Wyoming in
Devonian time, reconstructed from nodules in kimberlite pipes. Symbols on geotherm denote rock
type from which the point was constructed: circles, websterites and Iherzolites of the garnet websterite group ; squares, Iherzolites of the residual garnet Iherzolite group; triangles, Cr-rich megacryst group; inverted triangles, Cr-poor megacryst group.
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Fig. 50. Compositions of clinop^yroxenes from lower crustal and mantle rocks from ColoradoWyoming kimberlite pipes and the Ming Bar diatreme. Coordinates are diopside + hedenbergite.
jadeite, and calcium Tschermak's molecule.

(Ca4.-,Mg;Hr)Fe2o)-magnetite-plagioclase
(An4i)-microcline.
Twenty-four nodules of eclogite have
been analyzed, and all are believed to
have come from the mantle, principally
because of their equilibration temperatures (600°-850°C, from KD) . The relative scarcity of eclogites suggests that
they formed pockets within a peridotite
mantle. Many nodules contain accessory
kyanite, one contains kyanite and quartz,
one corundum, several rutile, one magnesian ilmenite, and one orthoclase. To the
authors' knowledge, this is the first reported occurrence of a K-feldspar bearing eclogite. Garnets and clinopyroxenes
show wide variation in major-element
composition (Figs. 50 and 51D) because
of varying bulk composition and equilibration temperature. One nodule of
rutile-bearing garnet granulite appears to
be related to the eclogites (Fig. 51D),
suggesting that the pipe passed through

the basalt-garnet granulite-eclogite transition zone. The equilibration temperature of that nodule is 760° ± 50 °C, indicating that the transition would have
occurred in the mantle. These eclogites.
with KD between 3.2 and 6.7, are different
from eclogites from kimberlite on the
Colorado Plateau, which contain hydrous
phases and have KD of about 15-20 (Essene and Ware, 1970 1.
The upper mantle immediately beneath
the crust is believed to be spinel Iherzolite. A number of spinel Iherzolite nodules
have been found, primarily in the Xix
and Sloan pipes. Olivines are FoSo-o3 and
spinels display Cr/(Cr + Al) ratios of
0.11 to 0.35. Clinopyroxenes have Ca
(Ca + Mg) ratios indicating equilibration temperatures from about 950° to
below 900 °C (Fig. 51C).
The group of garnet peridotite nodules
called residual peridotites have some of
the characteristics of spinel lherzolites.
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aopyroxenes contain 1.0-2 .2 95 C^Os;
aets, 4—1 1 \ Cr.O;;. Garnet oi a garDet harzburgite has 15$ C^Os. The population ofgarnet Iherzolites entrained in
kimberlite was much Larger than the relative number oi nodules collected, inasmuch as a majority of small monomineralic inclusions oi garnet and chrome
diopside arc disaggregated peridotite
(McCallum, Eggler, and Burns. 1974).
[uilibration temperatures of residual
3 met Iherzolites range from 1100° to
1200°C (Fig. 51C). Only two nodules
contain unserpentinized olivine and
orthopyroxene, the composition of which
is needed for a pressure estimate. One
nodule gives an estimate of 800 °C and
3(3 kbar, which falls considerably off the
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geotherm. The nodule is anomalous in
other ways: it contains accessory magnesian ilmenite, olivine is FoSt, and garnet
contains only 2.2% Cr-CV
Equilibration temperatures indicate
that spinel peridotites equilibrated at
higher levels than garnet peridotites. Because in both groups the bulk composition
of nodules, although not analyzed, appears to be similar on the basis of mineral
analyses, it is believed that the kimberlite
passed through a spinel-garnet peridotite
phase transition zone at about 100 km.
Spinel and garnet peridotites are called
residual because they are believed to be
primitive upper mantle peridotite depleted by previous partial fusion (e.g.,
Boyd and Nixon, Year Book 71, pp. 362-
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373). Depiction is reflected in the small
or negligible content of clinopyroxene, the
rather high Cr20;{ content of spinel and
garnet, and olivine with Fo content of
90-93.
Another group of peridotite nodules
found only in the Sloan 2 pipe is the garnet websterite group, comprising garnet
websterite, garnet clinopyroxenite, and,
less abundant, garnet lherzolite. The
phase compositions of these three rocks
are similar (Fig. 51B); they differ in
modal proportions. The lherzolites are
distinguished from residual garnet lherzolite by small modal content of olivine and
by distinctive chemistry. Clinopyroxenes
from the three subgroups of the garnet
websterite group are similar, characterized by high Ca/(Ca + Mg) ratio,
higher jadeite content than clinopyroxene
from residual lherzolites (Fig. 50) , and
somewhat lower Cr203 content than
residual lherzolite. pyroxene. The garnets
are characterized by TiO^ content less
than 0.2% and lower CroOs content than
residual peridotites (0.3-2.2% for websterites and lherzolites, 0.2-4.1% for pyroxenites) . Several nodules of this group
show a small degree of shearing, seen in
elongate, fine-grained mosaic zones surrounding much larger porphyroclasts.
The rocks of the websterite group are
not thought to be residual peridotite because they contain little or no olivine and
because they are enriched in soda and
depleted in chrome relative to residual
peridotites. Their occurrence in one pipe
suggests that they formed pockets that
were pierced by only one pipe. These
pockets have been placed in the vicinity
of the garnet-spinel peridotite transition
zone (Fig. 49) . Because of the differences
in bulk chemistry between these nodules
and residual peridotites, the occurrence of
garnet-bearing nodules in the spinel zone
need not be contradictory. It is also possible that some of the spinel lherzolites,
especially those whose clinopyroxene has
higher jadeite content (Fig. 50), belong
to the websterite group.

Two group- of Jiifgacry.-t..-. inonoinineralic nodules larger than 1 cm, are found
in the pipes (Fig. 49). One group consists of chrome diopside (1 .0-1 .0% Cr/rj.
chrome pyrope (6.5—11.5% ('rj):>) and
chromian orthopyroxene (0.25-0.50%
Cr20:,). These nodules are grouped because of their chromian nature, because
their Mg/(Mg -j- Fe) ratios are compatible, and because temperatures derived by clinopyroxene composition,
orthopyroxene composition (Boyd and
Nixon, Year Book 72), and Klt are selfconsistent. One olivine megacryst (Mg/
[Mg + Fe] — 0.906) probably belongs
to this group. Two P-T points have been
calculated for this group. One is calculated from the average composition of
nodules with requisite chemical characteristics from Sloan 2 pipe. There is little
intragroup compositional variation, with
the exception of one garnet megacryst
containing an orthopyroxene inclusion.
The calculated point is the lower pressure triangle (Fig. 49). The exceptional
megacryst has different Ca-Mg-Fe composition (single triangular point. Fig.
51A) and Cr203 content (4.3%). Its included orthopyroxene has a Ca/(Ca —
Mg + Fe) ratio (0.012) that indicates a
temperature of about 1125°C, compared
with 1150°C for the average; the calculated position for this megacryst is
shown as the higher pressure triangle in
Fig. 49.
The second megacryst group is characterized bylarge size (up to 13 cm for
garnets) and distinctive chemistry i subcalcic clinopyroxene with 0.2-0. 5% CT0O3
and pyrope garnets with 0.6-1.6rc Cro03 1 .
Clinopyroxene inclusions have been found
in some garnets. The point shown in Fig.
49, 1270°C and 58 kbar, has been calculated from the Cr-poor megacryst s in
the Sloan 2 pipe. A single subcalcic clinopyroxene nodule with Mg ' ( Mg -f- Fe 1
= 0.89 indicates an equilibration temperature of about 1270 °C. Only one orthopyroxene megacryst has requisite ratios
of Mg/(Mg + Fe) (0.91) and Ca (Ca
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- Mg -j- Fe) 1 0.025 1 to have boon in
equilibrium with that clinopyroxene.
Their compositions and the composition
.. low-chrome garnet megacryst from
Sloan 2 have boon used to calculate the
point.
The composition o\ the mantle at the
same depth at which these megacrysts
equilibrated is not known. In the Lesotho
model oi Boyd and Nixon i Year Book 73,
pp. 431-445i. similar megacrysts (discrete aodules) arc believed to have come
from mantle represented by relatively
undepleted peridotite nodules that exhibit sheared textures. Large nodules
with pervasively sheared textures have
been found in the Front Range pipes, but
the original minerals have been completely converted to serpentine, calcite,
and quartz.
A group of dunites in the Sloan 2 pipe,
showing a bimodal compositional variation (Foss and Fo<)L> », have not been included in the model. Their origin is not
known.
The model in Fig. 49 must be used with
appropriate regard for assumptions employed in its construction, the fragmentary and incomplete nature of samples
brought to the surface, and the geologic
processes that may have changed the
mantle since kimberlite emplacement.
\, vertheless, it can be compared with
models from other kimberlite pipes
iHearn and Boyd. 1973; McGetchin and
Silver, 1972i and basalt flows and eruption-, and geophysical models. One especially interesting feature of the model has
important implications for the plutonism,
tectonism, and ore emplacement that
took place in Laramide time after pipe
emplacement. This is the chemically depleted nature of the mantle above a depth
of about 17o km. Laramide magmas
could not have been derived by partial
fusion of this mantle but must have come
from deeper, less depleted mantle, from
rising diapirs of deeper mantle, from
melting of eclogite, or from melting of
oceanic slabs subducted far to the west.
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SIMPLE AND MULTIPLE OXIDES IN
MAGMATIC ROCK SYSTEMS
Chromitite Layers in Stratiform
Intrusions
T. N. Irvine
One of the most intriguing problems
posed by the mineral chromite is its occurrence instratiform ultramafic-gabbroic
intrusions as thin, concentrated layers of
great lateral extent. These layers are
especially common in the Bushveld Complex and Great Dyke in Africa and in the
Stillwater Complex in Montana, bodies
in which dozens of examples variously
measuring from a few inches to about 10
feet in thickness have been traced for
distances of tens of miles. The layers
hold interest both as major ore deposits
and as a remarkable phenomenon indicative of major igneous processes that have
not been fully understood.
In this investigation an attempt has
been made to outline and substantiate a
mechanism of origin for chromitite layers, based mainly on two occurrences in
the Muskox intrusion in the Canadian
Northwest Territories. The Muskox
chromite-rich layers are unimposing in
comparison with many of the occurrences
referred to above. One is everywhere less
than an inch thick, and the other at its
best consists of only a 4-inch unit of concentrated chromite in a total zone of
chromite enrichment of about 1 foot.
These layers, however, have been traced
in outcrop for about 12 miles, and from
drill-hole intersections it is apparent that
their areal extent is at least 40 square
miles. They are similar to the Bushveld,
Great Dyke, and Stillwater chromitite
layers in various details, and perhaps
most important, they are contained in
an intrusion of convenient size that is
well preserved structurally, fully exposed
from floor to roof in cross section, and
remarkably systematic in its differentiation. The postulated origin for the
chromite-rich layers is that they formed
on occasions when their parental magma
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deviated from its normal course of crystallization because of contamination by
granitic melt derived from the roof of the
intrusion, with the effect that, for brief
periods, chromite was precipitated to the
exclusion of silicate minerals and so could
accumulate as concentrated deposits.
Distribution and Crystallization Relations ofChromite in the Muskox
In tmsion
The Muskox intrusion was mapped and
first described by Smith (1962) and has
been the subject of numerous subsequent
publications (see Irvine and Baragar,
1972). The distribution and crystallization relations of the chromite in the intrusion have been described by Irvine
(1967) and Irvine and Smith (1969) and
so are only briefly reviewed here.
Except for the two concentrated layers,
almost all the chromite in the intrusion
is disseminated in amounts of 1-3% in
olivine cumulates. These rocks, which are
variously classed as dunite, peridotite, or
picrite, depending on their content of
postcumulus materials, are abundant.
They make up about two thirds of the
cross section of the intrusion and in the
layered series form 22 layers with aggregate thickness of about 4000 feet. They
contain chromite almost throughout.
The chromite itself occurs as subhedral
crystals, 0.05-0.15 mm in diameter, situated either individually or in small clusters between the larger cumulus grains of
olivine, with occasional crystals trapped
in the olivine as early formed inclusions.
These features, together with the observation that the modal ratio of chromite
to olivine is approximately that in which
picrochromite and forsterite coprecipitate
in the system MgO-Cr203-Si02 (Keith,
1954), suggest that the two minerals
formed simultaneously by fractional
crystallization. This interpretation is
confirmed by other data described below.
Other main features of the distribution
of chromite are illustrated by the modal
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data in Figs. 52 and 53 and relate to the
repeated stratigraphic divisions called
cyclic units. There are at least 25 of these
units in the layered series, and it has beer
found that they reflect the,- paths of fractional crystallization followed by the
magmatic liquid I Irvine and Smith, 1907:
Irvine, 1970m. Thus unit 7 (Fig. 53),
comprising the rock-layer succession
dunite - olivine clinopyroxenite - olivine
gabbro, represents a path on which olivine began to crystallize first and was
then joined successively by clinopyroxene
and plagioclase. Unit 19 (Fig. 52). with
the sequence peridotite-orthopyroxenitewebsterite, exemplifies another path on
which the crystallization order was olivine, orthopyroxene, clinopyroxene. The
cyclic upward trends of decrease shown
by Ni in units 4 to 7 in Figs. 53 and 54
are also an effect of crystallization differentiation, reflecting the gradual depletion
of this element in the liquid through preferential fractionation into olivine. The
repetition of the cyclic units is due to the
repeated influx of large amounts of fresh
magma into the intrusion i Irvine and
Smith, 1967).
Regarding the distribution of chromite.
three points are noted: (1) In Fig. 53 its
modal abundance shows a cyclic variation similar to that of Ni, particularly in
units 5 and 6. This observation supports
the interpretation that the disseminated
chromite was fractionally crystallized
along with the olivine in the dunite. i2)
The two chromite-rich layers (Fig. 52)
are both situated between layers of peridotite and orthopyroxenite and have a
definite place in the cyclic repetition. In
the units in which they occur, the rock
sequence is peridotite-chromitite-orthopyroxenite-websterite. (3) Chromite
tends to be absent in the rocks with cumulus pyroxene. In several cyclic units in
Figs. 52 and 53, its modal abundance
abruptly drops practically to zero in
passing upward from peridotite to orthopyroxenite or from dunite to olivine
clinopyroxenite, even though the amount
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oi chromium in the rocks .shows a rela- could accommodate all the chromium the
tively smooth transition across the con- liquid could supply and thus caused chrotact. The discontinuities are attributed mite to stop forming,
to magmatic reaction relations between The above observations are further exchromite and the pyroxenes such that, plained by the phase diagram model in
when pyroxene began to crystallize, it Fig. 55, illustrating a composite frac-
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tional crystallization path for the Muskox
liquid. The key features of the model are
the curved cotectic boundary between the
olivine and chromitc liquidus fields; the
reaction or distribution point at the intersection ofthe olivine, orthopyroxene, and
chromite fields; and the very low concentrations ofCr2Os in the liquid compared
to the pyroxene and chromite. The curvature of the cotectic causes the modal
ratio in which olivine and chromite coPPM
LAYER
NO
600

precipitate gradually to decrease, ostensibly from 4:90 to 1:99 as in the Muskox
cyclic units 5 and 6 (Fig. 53). When the
liquid reaches the distribution point, the
combination of reaction boundaries requires that both minerals stop forming as
pyroxene begins to precipitate, as apparently happened, for example, in Muskox
cyclic unit 19 (Fig. 52). And the phase
relations show how the condition that the
liquid contains less Cr20-( than the pyroxMODAL
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V

ene may lead to a chromite — » pyroxene
reaction relationship. This condition appears to be critical to the reaction relationship in magmas but not necessarily
sufficient (Irvine, 1967, p. 76).
The value 0.08 wt % Cr203 indicated
for the initial Muskox liquid comes from
analyses of the chilled margin of the intrusion, which seems approximately representative ofthe parental liquid (Irvine,
1970a) The value 0.03$ for the point at
which pyroxene begins to crystallize was
obtained by subtracting the amount of

Cr^On that would have been removed in
the olivine-chromite cumulates fractionated from the liquid by that stage (see
Irvine and Smith, 1969). These data are
tenuous in themselves but are compatible
with analyses reported for chromitesaturated olivine tholeiites of overall
composition similar to that of the chilled
margin (e.g., Yoder and Tilley, 1962,
2).
Table 2; Evans and Wright, 1972, Table
Two further points directly pertinent
to the origin of chromitite layers can also
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be illustrated by means of the phase
diagram model in Fig. 55. The first, a
matter of principle, is that fractional
crystallization by itself cannot yield a
concentrated deposit of chromite once
olivine or pyroxene (or any other silicate
mineral) has begun to form (cf. Irvine
and Smith, 1969, p. 93) . Thus, to explain
the Muskox chromite-rich layers in the
middle of cyclic units above layers of
peridotite requires some additional proc-

ess. The other point, a feature that was
first suspected on the basis of the model,
is that addition of siliceous mate-rial to
liquids on the olivine-chromite cotectk:
should tend to shift their compositions
into the chromite primary phase field.
The model diagram is not definitive in
this regard inasmuch as it is only a
schematic projection; and even the system MgO-Cr203-Si0.2 (Keith, 1954 1 does
not show a clear indication of the sug-
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Fig. 55. Schematic projection illustrating the apparent phase relations of olivine, orthopyroxene.
and chromite in the Muskox intrusion as indicated by petrographic data. The inset triangle shows
the plane of projection, which is part of the more extensive join (Mg.Fe)0-Cr203-Si02. The main
diagram, however, is not to scale, the relations having been distorted for clarity. Boundary curves
with double arrows are reaction boundaries.
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_ sted effect oi silica. There is. however.
a theoretical line oi reasoning concerning
the fractionation oi Cr and Ni in silicate
melts that leads to the same prediction,
and the effect has been substantiated by
an experimental study described below.
Fro

ition of Chromium and Nickel
from Silicate Melts

The data in Fig. 53 show very similar
whole-rock differentiation patterns for
nickel and chromium, i Nickel shows the
better developed trends of depletion
within cyclic units, but the trends of chromium are at least comparable.) There is
an important difference, however. In the
dunite layers, the nickel was almost entirely fractionated into olivine, which
originally made up about 90rc of the
rock. The olivine is now completely serpentinized in the upper two units, but in
the lower units its Xi variation closely
allels that of the whole rock; and the
coprecipitated chromite. which survived
the serpentinizatioo without apparent
change in composition, exhibits the same
type of Xi variation in all four units (Fig.
">4'. By contrast, the chromium in the
dunite i> almost entirely contained in
chromite of constant Cro03 content (Fig.
">4 i : therefore its whole-rock variations
reflect the modal variations of this mineralFig.
I
53 i . Thus the difference is that
the nickel was fractionated as a trace
element in a major mineral (olivine),
whereas the chromium was precipitated
- a major element in an accessory or
trace mineral (chromite i .
Why. then, the similarity of differentiation pnTteni9 The one thing the two
elements do have in common petrologically is that they came from the same
batches of liquid. Hence, the similarity
may in some way reflect their free energy
characteristics in the liquid, an inference
that i- supported by the fact that both
elements have exceptionally large octahedral site preference energies due to
crystal field stabilization (of. Burns, 1970,
Table 6.2 1 and therefore probably came

INSTITUTION

from much the same type of site in the
liquid. On the basis of an argument used
by Burns and Fyfe (1964, 1967) and
Burns (1970) in discussion of Ni fractionation inmagmas, it is suggested that
the increased polymerization of the liquid,
relating to the joint enrichment of silica
and alkalies and the decrease of liquidus
temperature caused by fractional crystallization ofthe olivine and chromite, acted
to reduce the number of octahedral sites
in the liquid that were energetically favorable for occupancy. Thus the remaining
CV+ and Ni2+ in the liquid, along with
other octahedrally coordinated ions such
as Mg2+ and Fe2+, were required more and
more frequently through the following
combination of equilibria, either to enter
tetrahedral sites or to transfer to octahedral sites in the crystals.

( M"+ octahedral) Li(,Ui«i

(M"+ octahedral) crystals
Mw+ tetrahedral
Liquid

where M»+ = Cr3+, Ni2+, Mg2+, Fe2+, etc.
Because of their very large octahedral
site preference energies, the partitioning
of Cr3+ and Ni2+ would be strongly biased
in favor of the crystals ; hence their equilibria were increasingly shifted to the
right, with the effect that they were preferentially expelled from the liquid at
similar rates. The Ni2+ ions substituted
for Mg2+ and Fe2+ in the minerals,
whereas Cr3+ effectively controlled the
precipitation of the chromite.
The postulated shift of the nickel
equilibria is representative of an effect
that apparently is large enough to reverse
the preferred direction of nickel partitioning between olivine and liquid for
basaltic liquids as compared with olivine
melts, and it should be reflected by an
increase in the distribution coefficient,
/; = (Ni in olivine) /(Ni in liquid) (cf.
Burns and Fyfe, 1964). Figure 56 illustrates data on the variation of D for
tholeiitic liquids and shows the kinds of
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Fig. 56. Variation curves for(NNi in olivine formed by fractional crystallization, computed for the
situation in which the distribution coefficient, D, varies with the amount of normative olivine in
the liquid as shown in the inset diagram. The value of D for the system MgiSiCh-Xi-SiCh is estimated from the data of Ringwood (1956), and the value for Kilauea tholeiite is from Hakli and
Wright (1967). The other data points are from olivine crystallized experimentally from melted Kilauea lavas spiked with small amounts of NiO. The experiments were run in a gas-mixing furnace
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computed equivalents of normative quartz. The curve drawn through the data points has the equation D = -0.91 + 2.969 X 10"3 (100 - Xoi) + 3.248 X 10~4 (100 - Xoi)2, where Xoi is the percentage of normative olivine. Compare with the Ni data in Fig. 54.

fractional crystallization trends that result from this variation. The similarity
between the olivine composition curves
computed for liquids with a small content
of normative olivine and the Ni trends
exhibited by the olivine in Muskox cyclic
units 4 and 5 in Fig. 54 suggests that the
shift of equilibria did indeed occur in the
Muskox magma.*
* The chilled marginal gabbro of the intrusion is just saturated in silica, but there may at
times have been somewhat more primitive
liquid in the body, containing about 10 wt %
normative olivine.

In chromium, the shift of equilibria
should bear on the proportion of chromite
precipitated and therefore should be reflected in the trend of the olivine-chromite cotectic. The trend should be such
that the addition of constituents that act
to polymerize silicate melts, such as silica
and alkalies, should tend to shift the
liquid compositions from the cotectic into
the chromite liquidus field. As noted
above, this is the same prediction that
arose from the model phase diagram in
Fig. 55. It prompted the experimental
study that will now be described.

SOS

CARNEGIE

<teritc-Picrochromitc Crystallization
the Join MgOS I >a-Cr9 OrKM0 SSiO*
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mixed, fused at temperatures 30°-100°C
above their liquidus, and cooled quickly.
The experiments were run at temperatures controlled to ±2°C, usually for 1
hour. Run products were identified optically and in selected cases were analyzed by electron microprobe.
A prime consideration in choosing the
system was to avoid solid solution in the
crystalline phases in order to concentrate
on the effects of changes in the liquid
composition. This prerequisite was evidently satisfied: the forsterite showed a
maximum of only 0.5% Cr203, and the
picrochromite, only traces of silica. The

The specific objective of this study was
to tost whether compositions in the forsterite liquidus field on the join MgO*
- s (enstatite)-Cr20a could be transposed to the picrochromite field by the
joint addition of SiOo and K20. The experiments were performed by 1-atm
quenching methods. Starting: materials
were prepared from weighed amounts of
dried MgO, cristobalite, Cr203, and a
powdered crystalline aggregate of K_>06Si( >2 composition. These were thoroughly
K20

(MgOCr203)

SiO-

Si02

a

Two

liquids

■

■

i

i in.

Cnstobolite)^

Wt

i

i

Mi

j

^flfr

k

m.

^MqQ . SJ(£<For.terite>
(Protoenstatite)

6

2MgOSi02

%

Fig. 57. Liquidus relations on the join K20-2 MgO- Si02-Si02 (after Roedder,
1951a) superim: o-"l on relation.- for the join 2MgO-8i02-MgO-Cr,0.-,Si02
(after Keith, 1954) shown by light
dashed linea with phas< names in parentheses. Liquidus data for compositions on the line from
• a (located at 99% Mg0-SiO2, VA Cr.O,) to K20-6Si02 are shown in Fig. 62. (Note: K20>. is not a compound.)
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lines on the right face (0% Cr203) are from Roedder (1951a), and the liquidus on the join MgO
Si02-Cr203 is consistent with data of Keith (1954). It is seen that compositions in the forsterite
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Compare with Figs. 55, 59, and 60. Abbreviations: Fo. forsterite; Pr. protoenstatite ; Pc. picrochromite; L,liquid; ss, solid solution.
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Orthopyroxenite
Chromitite
Peridotite

_ 59. Phase diagram model illustrating the formation of the lower parts of the Muskox cyclic
units containing chromite-rich layers by a combination of fractional crystallization and contamination. The model is the same as in Fig. 55.

join enstatite-Cr203 was selected as a
starting line because it has forsterite and
picrochromite on the liquidus attempcratures low enough to be reached conveniently. The composition K20-6Si02 was
used because it is rich in silica and yet
can be mixed with enstatite in amounts
up to almost 70 \\t f'r and still have compositions in the forsterite liquidus field
(Fig. 57). From the latter feature, a
large working range in which to examine
the forsterite-picrochromite cotectic was
anticipated. It should be noted that the
investigated join is not n-rnary and can
show only a line of intersection or trace
of the forsterite-picrochromite cotectic

surface as developed in the quaternary
system K20-MgO-Cr203-Si02.
The experimental results (Fig. 58)
show that addition of KL>0-6Si02 will indeed transpose particular compositions
from the forsterite liquidus field to the
picrochromite field, and the phase diagram prepared from the data indicates
that it will shift any composition on the
cotectic trace into the spinel field.*

The

* The probable reason why silica alone does
not have this effect in the system MgO-Cr2CV
SiOi- is that in this system the cotectic is at too
high a temperature for there to be enough polymerization of the liquid for the effect to be
appreciable.
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system is extremely simple compositionally in comparison with natural magmas,
but the observed effect may be expected
to have broader significance because it is
the analogue of an effect of crystal-field
stabilization that apparently is extremely
important in determining the behavior of
nickel in magmas, and because CrH+ shows
an even stronger preference for octahedral sites due to crystal-field stabilization than Ni2+ (cf. Burns, 1970, Table
6.2). The effect is basic to the following
mechanism of origin for chromitite layers.
Formation of Chromitite Layers
The chemical aspects of the mechanism
as applied to the Muskox intrusion are
STILLWATER
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illustrated in Fig. 59. It. is seen that, the
fractionation path of a liquid initially
crystallizing olivine and minor chromite
can be altered through contamination by
siliceous material so that the liquid subsequently precipitates first chromite- and
then orthopyroxene, giving the rock sequence peridotite-chromitite-orthopyroxenite observed in the lower parts of the
cyclic units containing the chromite-rich
layers (Fig. 52). The succeeding websterite layers could be simulated by including CaO as a component so that two
pyroxenes could precipitate (Irvine and
Smith, 1967).
Figure 60 shows that the mechanism
will also simulate the main laver seGREAT

DYKE

BUSHVELD

Orthopyroxene

e-f
d-e
c-d
a-b

Orthopyroxene
Olivine - (Chromite)
Chromite
Olivine - (Chromite)

g-h Orthopyroxene
f-g Olivine -(Chromite)
e-f Chromite
c-d Olivine - (Chromite )
b-c Chromite

b-c
a-b

Orthopyroxene
Chromite

Fig. 60. Variations on the model in Fig. 59, illustrating the formation of the more common
stratigraphic sequences involving chromitite layers in the Stillwater. Great Dyke, and Bushveld
complexes.
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quences involving chromitite in the Stillwater, Great Dyke, and Bushveld complexes. The succession of cumulates produced in A is essentially thai in the typo
Stillwater cyclic unit (Jackson, 1961, Fig.
11). The sequence in B, either as a whole
or in parts, matches various sections of
at Dyke stratigraphy (cf. Worst,
\9(\0. p. Hi. especially the unit described
in detail by Bichan (1969). And the
scheme in C, coupled with some means
for periodically replenishing the liquid,
would give an alternation oi chromitite
and pyroxenite as observed in the Lower
part oi the Bushveld Complex (e.g.,
Cameron and Desborough, 1969). It is
not possible at this time to account for
the association of anorthosite with some
of the Bushveld chromitite, but the mechanism does offer an explanation for the
• xci ptional abundance of orthopyroxenite and the relative dearth of affiliated
olivine cumulates in this intrusion.
An attempt to define the main physical
that appear to be required by
the mechanism is shown in Fig. 61. Diagram A depicts "'normal" conditions during accumulation of the layered series; B
and C portray events relating to episodes
of contamination. The temperature and
crystallization paths illustrated for the
convecting basic magma in A and B are
similar to paths described in detail by
Irvine (19706).

The critical feature in A is that, bese the minerals formed in the intrusion accumulate entirely on its floor, the
contact is continuously exposed to
the high temperature of the basic magma.
Consequently any salic rocks along the
. such as pelitic schists or granite, are
subject to melting, yielding a granitic
liquid that tends to float on top of the
basic magma and remain separate be3i of its low density and high viscosity. Hear er model- indicate that
large amount- of granitic melt can be
duced in this way (Irvine, 1970b),
and in the Muskox intrusion and Bush-
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veld Complex, melt of this type appears
to be represented by thick zones of granophyre (Irvine, 1970a; Irvine and Baragar, 1972, pp. 28-32; Von Gruenewaldt,
1972).
In Fig. 61 B, the basic magma is contaminated bymixing with a large amount
of the salic melt. Subsequent events could
be very complicated, but in general the
contamination should act to lower the
actual temperature of the basic liquid
(because the salic melt would probably
be somewhat cooler) and to reduce its
liquidus temperature (by freezing point
depression) — and, of course, it should
cause chromite to crystallize alone. The
dissolution of the salic melt might be expected to take place gradually, and in
fact there is an indication that some of
the Muskox chromite may even have
grown in an emulsion-like mixture of the
two liquids (see below).
Just what would cause an abrupt episode of magma mixing is a matter of
speculation, but a strong possibility is
that it is touched off by sagging or shifting of the intrusion roof in response to
tectonic activity or to major movements
of magma in some distant part of the system. Another possibility, illustrated in
Fig. 61C, is that it occurs during the influx of new magma. If the new magma
flowed along the roof as shown (because
it was hotter and therefore less dense
than the old magma) , it would be subject
to contamination at an early stage when
it was most able to precipitate chromite.
But any chromitite layers produced
should probably appear at the base of
cyclic units,* rather than at an intermediate level as in the Muskox intrusion.
The scheme in Fig. 61 embodies several
features that appear important to the explanation ofthe lateral extent of chromitite layers. Because the melting of the
roof rocks is a natural consequence of
the fact that the minerals crystallized in
* An exception might arise if the new magma
carried ;i large amount of olivine in suspension.
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Fig. 61. Diagrams illustrating the physical processes postulated for the formation of chromitite
layers. It is assumed that the intrusion roof comprises a substantial proportion of rocks such as
pelitic schists and granite that will yield salic melt at temperatures well below the liquidus of the
basic magma. The tendency of H20 to accumulate at the top of intrusions would facilitate the
melting process. For further discussion, see text.

the intrusion accumulate on its floor, it
should be possible for melt to form (and
spread) under large areas of the roof and
so be available as a contaminant to large
parts of the intrusion. Since the contamination starts at the roof, there is maximum opportunity for its effects to be
dispersed through the convecting basic
magma before the magma reaches the

floor where the chromite is finally deposited. And if the contamination occurred during the infusion of fresh
magma as in Fig. 61 C, the lateral flow
would act to spread its effects. This possibility would appear to be of considerable interest in the Bushveld Complex and
Great Dyke, as they contain exceptionally extensive chromitite layers, many of
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which occur at the base oi cyclic, or
otherwise repeated stratigraphic units.
Another feature oi the mechanism, pertinent to the thickness and stratigraphic
definition of chromitite layers, is that the
contamination process sensu stricto calls
for only the blending oi liquids, not
assimilation oi solids, so heal requirements should be minimal. Thus, given
the necessary quantity oi granitic melt,
an intrusion could become intensely contaminated almost instantaneously in
terms of its life history.
Supporting Evidence:
Inclusions in ( 'hromite
Some oi the strongest evidence in support oi the mechanism comes, rather surprisingly, from features directly visible
in the chromite itself. It has been found
that many of the chromite grains in the
Muskox chromite-rich layers contain
roughly spherical silicate-rich inclusions,
ID-loo nin in diameter, that generally
comprise several minerals and so would
appear to represent droplets of trapped
liquid i Fig. 62 A. Bi. Examination of the
inclusion- by reflection microscopy* and
electron microprobe has shown that they
variously consist of combinations of
orthopyroxene, a chromian titanian
phlogopite or biotite and its sodium ana_ • >o(\\c plaoioclase, pyrrhotite, chalcopyrite, rutile, probably K-feldspar and
quartz. ( >f more immediate interest, how. are the level- of silica and alkalies.
"Bulk" electron microprobe analyses
(Fig. 631 show SiOo values up to 86 wt
and total alkalies commonly range
•V; to 11%, higher than would
ordinarily be expected of basaltic liquid.
ral inclusions even gave analyses resembling granite: the one in Fig. 62A, for
example, showed 72'; Si02, 19% A1203,
."/; K.o. and 47, Na20. Tims, it would
appear that the inclusions probably rep*The

inclusions are sufficiently small

they are rarely visible

ordinary thin sectioi

in transmitted

light

that
m
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resent droplets of a contaminant granitic
melt that was trapped in the chromite
while mixing with its basaltic parental
liquid. This is the evidence referred to
earlier that the chromite may have grown
in an emulsion-like mixture of the two

liquids.
Another type of inclusion in Muskox
chromite of interest in the same regard is
rutile. Some of this mineral, as just mentioned, isfound in the silicate inclusions,
but more commonly it occurs as small,
clearly primary, rodlike crystals scattered through the dense population of
chromite grains in the chromite-rich layers. The significance of these inclusions
relates to the fact that in the system
MgO-TiO-j-SiOo rutile is not compatible
with forsterite but will coprecipitate with
pyroxene of enstatite composition (Massazza and Sirchia, 1958). If these relationships extend to olivine and orthopyroxene such as occur in the peridotite and
orthopyroxenite adjoining the Muskox
chromite-rich layers, then the presence of
the rutile inclusions would seem to require that the Muskox magma be considerably enriched in silica just before
the concentrated chromite was precipitated, as in Fig. 59.
It is noted that spherical silicate inclusions and rutile inclusions similar to
those just described have also been observed in the Bushveld and Stillwater
chromitite layers (McDonald, 1965;
Jackson, 1961, and personal communication, 1969).
Discussion
One of the first questions raised by the
suggested mechanism is, How much contamination would be required to form a
given chromitite layer? It is evident
that a large amount of magma must be
affected: for example, if half the chromium in the liquid could be precipitated,
then to form 1 foot of chromitite containing 40% Cr203 would require 1000
feet of liquid like the Muskox chilled
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margin containing 0.08% (>20;>. But
whether this much precipitation would
require 5% contamination or 50% is un-
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known. The problem must be tackled
through experiments on natural materials.

Fig. 62. Photomicrographs showing inclusions in chromite grains in the Muskox chromite-rich
layers. (A) Spherical silicate inclusion of granitic composition (see text). (B) Composite inclusion
of orthopyroxene and phlogopite. (C) Composite inclusion of euhedral orthopyroxene and phlogopite. (D) Inclusions of rutile.
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Another major question concerns the
of oxygen. This presentation has
emphasized the effects of silica and alkalies, but chromite crystallization can
also be critically dependent on the oxidation state of the magma, and the contamination mechanism does offer a convenient means of introducing oxygen
(e.g., in H20). Useful information in this
se would be data comparing the temperatures and oxygen fugacities at which
ciated concentrated and disseminated
chromites have formed.

In a broader perspective, it is noted
that, although the contamination mechanism idea is still at a preliminary and
somewhat speculative stage of development, the mechanism is potentially a
very powerful one, as it is a possible
means for producing not only chromitite
layers but also concentrated deposits of
magnetite, sulfides, and perhaps other
kinds of magmatic ores. Another attractive feature is that it is amenable to testing in a variety of ways.
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The System MgO-lRON

OxiDE-Cr203-

Si02: Phase Relations among
Olivine, Pyroxene, Silica, and
Spinel in Air at 1 atm

K. J. Arculus, M. E. Gillberg* and E. F. Osborn

Chrome spinels are an early separating
phase during the crystallization of a basaltic magma and may commonly be the
first phase, despite a concentration of
Cr203 in the magma of less than 0.1%.
This highly insoluble phase forms extensive, virtually monomineralic layers in
solidified basic igneous intrusions where
fractional crystallization and extreme
segregation of the phases have occurred,
as for example in the Stillwater and
Muskox intrusions of North America and
the Bushveld complex of South Africa.
Segregations of chromite occur also on an
extensive scale in alpine peridotites and
in the ophiolitic complexes believed to be
former oceanic crustal materials.
The principal phases composing these
bodies, in addition to spinel, are olivine
and pyroxene in the earlier stages, joined
later by plagioclase. As a contribution to
understanding the origin of these bodies,
phase relations are being studied for the
system MgO-iron oxide-Cr203-SiO_>. The
present work has been done largely at an
oxygen partial pressure of 0.21 atm. Preliminary work has also been done at the
Po., values of a mixture of C02 and CO in
the ratio C02:CO = 40.
In Fig. 64 the system MgO-iron oxideCr203-Si02 is shown as a tetrahedron
with the front face removed to show liquidus phase relations as previously determined for the other three faces. The left
face, the system MgO-Cr203-Si02, is after
Keith (1954). From the standpoint of petrology, the striking feature of this system
is the very narrow primary phase fields of
olivine and pyroxene, amounting to a
maximum of only about 2% Cr203 in the
liquid. No data were obtained by Keith
on the Cr:i+ content of either of these
* The Pennsylvania State University, University Park, Pennsylvania.

crystalline phases. T. X. Irvine (personal
communication, 1974) has recently determined the maximum Cr20v content.- of
olivine and pyroxene in equilibrium with
liquids in this system as approximately
0.5% and 0.3% , respectively. There is no
significant solid solution in the sesquioxide phase or cristobalite, but there is
extensive solid solution of Cr,0:, in periclase. The spinel phase is picrochromite,
which melts congruently at approximately 2350 °C and exhibits a small
amount of solid solution toward both
Cr203 and MgO (Alper et al., 1964 I. The
large spinel field dominates the central
part of the left face <Fig. 64) and
also extends as a narrow reentrant nearly
to the Si02 apex, terminating at boundary curves and invariant points not
shown in the figure. The hatched curve
is the outer, or low-silica, boundary of the
two-liquid region.
The right face represents the system
iron oxide-Cr203-Si02 in air at 1 atm,
after Muan and Somiya (1960). Extensive solid solution series characterize the
sesquioxide and spinel phases. Solid solution is complete between Cr203 and
Fe203. The spinel phase, a chrome-bearing magnetite that melts incongruently at
approximately 2075 °C, contains its maximum of 60% Cr203 at this temperature.
The spinel field has much the same shape
as on the left face of the tetrahedron, but
a significant difference is that the spinelsilica boundary line falls in temperature
continuously to the base of the tetrahedron, as the composition of the spinel
phase decreases in Cr3" and approaches
chrome-free magnetite in composition.
The base of the tetrahedron is the system MgO-iron oxide-Si02 in air. after
Muan and Osborn ( 1956) . Spinels on this
join belong to the magnesioferrite-magnetite solid solution series. The MgFe204
end of the series contains 33% Fe304 and
melts incongruently to magnesiowiistite
and liquid at 1713°C (Phillips. Somiya.
and Muan, 1961), whereas the iron oxide
end melts

incongruently

at 1591 CC

to
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Fig. 64. Tetrahedron representing the system MgO-iron oxide-Cr20.r-Si02 in air at a total pressure of 1 atm. For plotting purposes, all iron oxide is calculated as Fe304. Left face after Keith
1954 . right face after Muan and Somiya (1960) ; base after Muan and Osborn (1956).

a magnetite-hematite solid solution and
liquid 'Phillips and Muan, 1960).
The pyroxene and olivine phases occupy large fields on the base of the tetra:on as compared with the left face,
and both exhibit significant amounts of
solid solution toward their respective
iron-bearing end members. The liquid at
1374 r was found by Muan and Osborn
" 1956 1 tr, be in equilibrium with an olivine of Y.Y'< Fa and pyroxene of &% Fs,
whereas at 1367°C the pyroxene coexisting with liquid is 9% Fs. The spinel at
1374'' and that at 1367°C were found by
Speidel and Osborn < 1 967 ) to have the
composition-,
respectively,
32Fe:,04-

68MgFe204
(wt %).

and

34Fe804-66MgFe204

Experimental Method
The part of the tetrahedron of particular interest in this study is that close to
the base where phase relations may serve
as a model for those in igneous rocks. The
approach used was to make up mixtures
for study having the constant weight
ratio of Fe804:Cr208 = 20:1. These mixtures therefore lie on a composition plane
within the tetrahedron that slopes from a
point on the Fe^C^-Cr^Os join at 4.8%
Cr2():. through the tetrahedron to the
MgO-Si02 edge. These mixtures, 22 in
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all, were made up using a gel technique
previously described (Luth and Ingamells, 1965). In addition, another six
mixtures were synthesized using crystalline oxides as starting materials. These
mixtures were repeatedly fused and
crushed to obtain homogeneity. A mixture to be run in air was first equilibrated
in air in an open platinum 95— gold 5 crucible at approximately the temperature
of the run. Then foil of the same composition was used to form envelopes; a
charge of about 30 to 50 mg of the mixture was placed in an envelope, left open
to the atmosphere, run at the desired
temperature in air, and quenched in mercury. After a run, the end products were
examined under the microscope and
phases were analyzed using the electron
microprobe. No significant reaction between the charge and the platinum-gold
alloy was observed.

primary phase volume of spinel, hereinafter called simply
surface
This surface
sweeps the
along"spinel
the base
(Fig.."
64) at 0% Cr203 from the FeOFe^Oa
apex to the boundary curves for the fields
of tridymite, pyroxene, olivine, and magnesiowiistite, then rises over the primary
phase volumes of these latter phases (1 'ig.
65). For the olivine and pyroxene volumes, where chief geological interest lies,
the spinel surface rises very gently in
moving to the left face, where the CrJ)?,
content of the liquid is estimated from
data obtained in this study to be 1 .4 wt
%, in agreement with the estimates of
Keith (1954).
A striking feature of the boundary
relations is a pronounced bulging of the
pyroxene-silica boundary surface toward
silica (Fig. 65), as well as a small displacement toward silica of the olivinepyroxene boundary curve, as only a few
tenths of Cr203 are added to the liquids
on the basal join, MgO-Fe304-Si02 <Fig.
64 ) . The pyroxene field is thus shifted
toward higher silica contents on the spinel

Results
The principal objective of this study is
to investigate the lower surface of the

10 MgO

20MgO

20FeQ-Fe203

IQFeO-Fe203

—ft

A

20

30

F

40

WEIGHT PERCENT FeO-Fe203
*•
Fig. 65. Diagram illustrating phase relations on the spinel surface for the olivine-pyroxene-tridymite region of the MgO-iron oxide-Cr203-Si02 system. For plotting purposes, all iron oxide is
calculated as Fe.-jO^ and points on the spinel surface are projected onto the base of the tetrahedron (Fig. 64) by subtracting Cr203. Contours of weight percentage of Cr203 in the liquid of the
spinel surface are shown as light dashed lines, heavy lines represent boundary curves along which
spinel plus two other crystalline phases coexist, and light lines are liquidus isotherms.
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I _ 66. Tetrahedron representing liquidus phase relations in the olivine-pyroxene-tridymite
gion of the MgO-iron oxide-CroO.r-SiO.. system in air at a total pressure of 1 atm. Dots along
spinel join on the front face represent compositions of spinel crystals coexisting with liquids
inel surface, as determined by electron microprobe analysis. Iron oxide determined as FeO
microprobe analysis is calculated and plotted as Fe.sCh.

surface as compared with its position on
the base. Tims, addition of Cr203 expancU composition region for incongruent melting of pyroxene, somewhat as
- the addition of anorthite, discussed
by Bowen and Schairer < 1935, pp. 211
and 213).
Compositions of the spinel phase were
found to lie on or very close to a straight
line when plotted on the front face of the
tetrahedron (Fig. 66). This line extends
from the picrochromite composition at
20 wr r'r MgO to a point on the base at 12
to 13 wt r'r Mg( ». The latter composition
is in close agreement with the determina-

rethe
on
by

tion by Speidel and Osborn (1967) of the
composition of the magnesioferrite (13
wt % MgO) in equilibrium with tridymite, pyroxene, and liquid.
The pyroxene and olivine phases, as
determined by Muan and Osborn (1956)
from optical properties, range in composition from the pure magnesian end members to compositions as given above. The
present determinations, using the electron
microprobe for analysis, are in essential
agreement. The chromium oxide content
of both pyroxene and olivine is low, only
a few tenths of a percent with a maximum of about 0.35 wt %, and lower in
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every case than the Cr20:{ content of the
coexisting liquid.
Original mixtures by Muan and Osborn
(1956) were rerun with quenched liquids
analyzed by the electron microprobe to
check the location of the isobaric invariant points E and P. Preliminary data
suggest that these points contain about
3 wt °/o less iron oxide than reported in
the earlier work (Muan and Osborn,
1956) and are at the higher temperatures
of 1380° and 1405°C, respectively.
Courses of Crystallization
Courses of crystallization for the system MgO-iron oxide-Si02, representing
the base of the tetrahedron of Fig. 64,
were discussed in detail by Muan and
Osborn (1956). Additional discussion of
this system by Osborn (1959) dealt with
the phase relations among olivine, pyroxene, tridymite, and spinel and their implications inpedogenesis. In these papers the very large and important difference that exists between crystallization
at constant total composition of a mixture and crystallization at constant P0.,
is emphasized. Discussions of courses of
crystallization in other systems having
MgO-iron oxide-silica as a base to which
has been added a fourth constituent have
appeared and are of interest in the present study — the systems MgO-iron oxideSi02-CaSi03 (Osborn, 1962; Presnall,
1966) and MgO-iron oxide-Si02-CaAl2
Si208 (Roeder and Osborn, 1966). These
presentations, coupled with the classic
explanation of courses of crystallization
in the system MgO-FeO-Si02 by Bowen
and Schairer (1935), are a base for understanding the complex phase relations
existing in the present system.
It must be kept in mind that the present study involves a five-component system, MgO-FeO-Fe20:>-Cr20,-Si02. The
liquidus relations shown on the base of
the tetrahedron (Figs. 64 and 66) are in
reality projected from a curved isobaric
(0.21 atm F0o) surface within the tetrahedron representing the system
MgO-
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FeO-Fe20:;-Si02 onto the plane MgOF(N.O.»-Si02 by calculating all iron oxide
as Fe.-jOi. The five-component system ig
thus being portrayed as a four-component
system by the two devices of maintaining
a constant Po2 and calculating all iron
oxide as Fo:;()4. Liquids during recrystallization of a mixture on the base (Figs.
64 and 66) must stay on this isobaric surface, and consequently the total composition of a mixture during its crystallization must continually change in oxygen
content. As pointed out by Osborn
(1959), mixtures with compositions lying
in the central and high iron oxide parts of
the olivine and pyroxene fields will r-xperience a net gain of oxygen during crystal ization atthis constant Po.,, and those
at the low iron oxide end of the field, a
net loss.
With the addition of Cr20.s to the base
system (Fig. 66), a spinel phase appears,
along with olivine, pyroxene, and tridymite in the region of chief petrologic interest, but there are no quaternary invariant points such as develop when
CaSi03 or CaAl2Si208 is added because of
the complete spinel solid solution series
at liquidus temperatures. The isobaric
invariant points P and E I Fig. 66 ) lie on
the base, at 0% Cr203. Because there are
no quaternary invariant points and the
spinel surface overlying the primary
phase fields of olivine and pyroxene is
very close to the base, phase relations of
olivine, pyroxene and tridymite are very
similar in most respects to their relations
on the base. A major difference is that
during equilibrium crystallization the
liquids cannot reach the points P and E.
That is, for mixtures lying on the base
(0^ CroOg), liquids during equilibrium
crystallization move to point E if the
composition of the mixture lies within the
triangle Zs'-SiO^E" and to point P it the
composition of the mixture lies within
E'"-P"-P'. But with Cr203 added to mixtures in these composition triangles, the
final liquid will be that of a point on e-E
or p-P and will be farther from E or P.
respectively, the greater the amount of
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C-.-_0-.. a second notable difference in
phase relations is in the spinel composition. Whereas olivine and pyroxene have
virtually the same composition as in the
rome-free system, i.e., only a tew tenths
rcent C^Os as a maximum and a few
percent iron oxide, the spinel in equilibrium with liquid on the spinel surface has
an enormous range in composition — from
iron-free picrochromite to chrome-free
magnesioferrite. Thus, during crystallization of a mixture, small changes in
liquid composition and temperature may
he associated with a great change in
spinel composition.
Solid Solution Characteristics of
Spinels : Pleonaste-ChromlteMaonetite Compositions in Some
Island-Arc Basalts
R. J . A renins

Spinel-silicate equilibria are potentially useful petrogenetic indicators because spinels show a wide compositional
range and are therefore particularly sensitive to variables such as the temperature, bulk composition, and /o„ of their
parental magma (Irvine, 1965). The importance of magnetite crystallization in
influencing the fractionation trend of basaltic magma has been demonstrated experimentally (Osborn. 1959), but natural
magnetite contains Cr3+, Al8+, and Ti4+ in
addition to the Mg2+, Fe2~, Fe,v present in
the magnesioferrite-magnetite solid solutions discussed by Osborn in relation to
model systems. Thus it is important to
characterize the compositions of spinels
occurring in basalts and related rocks in
order that pertinent experimental studies
can be completed to elucidate further the
nature of the variable conditions that
may influence the compositions of coexisting spinel and silicate phases.
The extensive and complex chromiteulvospinel solid solutions discovered in
the lunar samples have been interpreted
(Hagfrerty, 1 972; as representing, at least
in part, unchanged liquidus compositions
precipitated from a variety of lunar mag-
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mas. In terrestrial basalts the occurrence
of chromite grains as early-formed inclusions within olivine phenocrysts is a common phenomenon. Compositions intermediate between chromite and Ti4+- and
Fea+-rich spinels have frequently been interpreted as formed by the reaction of
early- formed chromite with the residual
magmatic liquid during the end stages of
crystallization (e.g., Gunn et al., 1970;
Evans and Moore, 1968). However,
Thompson (1973) has suggested that spinel intermediate between titanian chromite and chromian titanomagnetite occurring in a Snake River basalt formed
directly from the melt. Experimental
studies in the system MgO-iron oxideCr20s-Si02 (Arculus, Gillberg, and Osborn, this Report) illustrate in principle
how both interpretations can be correct
in individual circumstances. In general,
spinel inclusions within silicate phenocrysts are more likely to represent original liquidus compositions, but unless
they are rapidly quenched, subsolidus
reequilibrium of the spinels can affect
their chemical composition (cf. Irvine,
1967).
This account concerns an extensive
range of spinel solid solutions discovered
in a suite of island-arc basanitoids and
alkali basalts from the island of Grenada
(Lesser Antilles). The rocks have been
described by Arculus and Curran (1972)
and by Sigurdsson et al. ( 1973) , and some
further aspects of their pedogenesis are
discussed in this Report by Arculus and
Shimizu. The main compositional variation in the Grenada spinel solid solution
series is between aluminous chromite and
titaniferous magnetite, but a single example of spinel zoned from ferrian pleonaste to chromian ferrian pleonaste has
been discovered. Oxides other than spinels, such as ilmenite, have not been
found.
The spinels, rich in Cr and having compositions intermediate between chromite
and titaniferous magnetite, occur as inclusions within olivine, clinopyroxene,
plagioclase, and amphibole phenocrysts.
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MgCr20v

FeAI20^

MgAl^

Fig. 67. Grenada spinel compositions analyzed by electron microprobe projected in a compositional prism representing variation in end members other than Ti-bearing.

Only titaniferous magnetite is found as
isolated grains in the groundmass. Isolation of the included spinels suggests that
they represent a sequence of trapped
liquidus spinels, so they may reflect
changes in the bulk composition and intensive variables of the magma during
crystallization.
A total of 175 spinel analyses from
seven rock samples was obtained by
means of the automated electron microprobe (Finger and Hadidiacos, Year
Book 70, pp. 269-275) . The Fe203 values
were calculated by assuming the spinels
are stoichiometric with 3 cations per 4
oxygens. The spinels have six main con-

The
less
less
The

stituents: Mg, Fe2+, Fe3\ Cr, Al. and Ti.
concentration of Ti is generally low.
than 0.8 cation per 32 oxygens with
than 0.8 Fe3+ cation per 32 oxygens.
concentration of Ti increases rapidly.

however, with increasing Fe3r content, to
a maximum of 3.5 cations per 32 oxygens
or approximately 15.5 wt rc Ti(X Thus
the compositional variation can be satisfactorily displayed in the Johnstone spinel prism by neglecting Ti. The data
are shown projected into the spinel prism
in Fig. 67 and onto the Fe3~- and Al3+free joins in Figs. 68 and 69. Figures 6769 may be used to compare the present
data with those on the chromian spinels
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by all of the spinel analyses within the
same sample.
There is a greater degree of compositional variability of spinel inclusions with
Fe3i (Fe3H + Al + Cr) ratios less than
0.35-0.30. in terms of both Mg/(Mg +
Fe2+) ratio and the proportion of trivalent cations. For example, the analyses
projected in Fig. 69 with Cr/(Cr + Al)
ratios of 0.00-0.15 and Mg/(Mg + Fe2+)
ratios of 0.60-0.80 come from a single,
rounded, zoned spinel70 grain, 30 /mi in
maximum length, that occurs in contact
with an anhedral, aluminous calcic augite
crystal about 100 /xin in length. Both the
spinel and clinopyroxene are enclosed
within an olivine phenocryst zoned from
core to rim (Fo 90-82). There is a'XT-zone

O

U

o
o

50

90

30

1.0

90

70
70

100*(Mg/Mg

+ Fe

Fig. 68. The Grenada spinel compositions
projected onto the Cr-free join of the compositional prism of Fie:. 67.
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from layered stratiform intrusions, alpine
peridotites, and ultramafic inclusions
within basalts described by Irvine (1967).
In each -ample investigated there is a
tively well defined trend of variation
from aluminous chromites with Cr/(Cr
- Ali : 0.60-0.75 and Fe3+/(Fe3+ + Cr
-}- Ah
0.35-0.45 to titaniferous magnetites rich in Fe3+. The spinels from individual rock samples tend to have better
defined trends of variation than that
shown by all the analyses together. The
variation is defined by analyse.- of several spinel inclusions within silicates,
some showing only minor compositional
variation. Occasionally, however, a single
spinel inclusion was found displaying the
complete compositional variation shown
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•

+
CO

30

30

O
O

.

10

10

50'

100

80

60

40

20

Mg/Mg + Fe2+)
Fig. 69. The 100x(
Grenada spinel compositions

projected onto the Fe8"1 join of the compositional prism of Fig. 67.
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SiO,
TiOo

Al263
Cr203
Fe203
FeO
MnO
MgO
CaO
Totals
Si
Ti
Al
Cr

e3+
MFg +
Mn
Fe2
Ca
Totals
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23. Electron Microprobe Analyses of Spinels and a Clinopyroxene Enclosed
within an Olivine (Fo 90-82) Phenocryst in Grenada Basanitoid 220"
1

2

3

1

0.23
0.63
51.50
0.00
17.12
9.48
0.05
20.23
0.06

0.31
2.65
24.03
10.39
31.64
17.06

0.30
2.33

0.23

20.77
16.83

0.24
13.59
0.04

0.24
13.17
0.03

30.11
17.29

0.64
20.57
35.93
12.71
14.99
0.39
13.19
0.00

5
0.26
7.43
7.33
4.62
43.56
29.23
0.65
6.16
0.05

SiO,

6

TiOj
Al2Oa

44.89
L.30

O2O3
FeO

10.20
0.00
7.35

MnO
MgO

0.09
1 1.51

Na20
CaO
K20

23.02
0.17
0.00

Mg
99.29
Cation Propoi tions on the B asis of 4 (Spinel) and 6 (Clinopy roxene) Oxygens
Si
0.007
0.006
0.010
0.009
0.009
0.015
0.197
0.013
Ti
0.061
0.054
0.758
1.619
Al
0.872
0.304
0.762
0.893
0.129
0.253
0.000
0.412
1.155
0.344
0.733
0.301
0.702
Mn
0.448
0.439
0.211
0.394
0.861
Cr
0.006
0.019
0.006
0.001
0.010
0.608
0.618
0.324
Xa
0.804
0.624
0.001
0.000
Ca
0.002
0.001
0.002
K

99.30

3.000

99.95

3.000

101.07

3.000

98.65

3.000

of vermicular, birefringent material bordering one side of the clinopyroxene
grain, and the contact between the two
gives the appearance of a resorption of
the clinopyroxene. Electron microprobe
analysis of the vermicular material gave
low totals in which CaO (28 wt %) , Si02
(24 wt %), and A1203 (8 wt %) formed
the major part. Alkalies were low
( <0.3 wt %) in the analyses. Where the
clinopyroxene is in contact with the host
olivine phenocryst, the clinopyroxene
again shows a poorly developed surface,
but the contact of the vermicular material with the olivine is relatively sharp.
The clinopyroxene and vermicular material together give the appearance of a
slightly rounded, euhedral relict crystal
about 200 jum in length. It is possible that
the vermicular material represents the

1.694
0.036
0.456
0.000
0.231
0.002
0.646
0.954
0.033
0.000
4.052

3.000

*Spinel formulas were calculated assuming stoichiometry (A2+B3+204).
1-3. Zoned ferrian pleonaste-chromian ferrian pleonaste (core to rim).
4. Aluminan chromite (average of three analyses).
5. Aluminan chromian titaniferous magnetite (average of two analyses).
6. Aluminous calcic augite adjoining the pleonaste (average of three analyses).

99. 19

Fe2+

partial resorption of the clinopyroxene in
the host magma before entrapment within
the growing olivine crystal. The core of
the spinel is a ferrian pleonaste virtually
free of Cr20, (Table 23, analysis 1). It
becomes enriched in Cr and Fe3- toward
the rim with a concomitant decrease in
the ratio Mg/(Mg + Fe2~) (Table 23.
analyses 2 and 3). The Cr-free core of
the spinel is in contact with the aluminous
calcic augite (Table 23, analysis 6),
which also showed no detectable Cr203
by electron microprobe analysis. However, the same host olivine phenocryst
contains a chromite inclusion (Table 23 1 .
an aluminous chromian titaniferous magnetite inclusion (Table 23) , and adjacent
to the groundmass, some titaniferous
magnetite. Elsewhere in the same thin
section, there are abundant examples of
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the aluminous ehromite-titaniferous magnetite variation described previously.
Thus, within a single thin section of Grenada basanitoid 220. a remarkable variation in spinel composition is present.
The direction oi zoning in the Cr-rich
spinel inclusions is not always so consistent, however. For example, the ratio
I - - Ah has been observed both to
increase and to decrease with increasing
\\
1Y; -| Cr — Alt ratio. There is
also a variability in trivalent cation proportion that appears to be partly dependent upon the host phenocryst composition. Spinel inclusions enclosed by either
clinopyroxene or plagioclase tend to have
lower Cr i Cr — All ratios than spinels
included in olivine in the same rock.
Dickey. Yoder, and Schairer ( Year Book
7". pp. 118-122) demonstrated that at
atmospheric pressure the solubility of the
1 l JaTs molecule in diopside increases
with decreasing temperature, indicating a
tion relationship between diopside
and chromian spinel. Some degree of reequilibration is possible between silicate
and spinel that may account for variable
( 'r i Cr — Al i ratios of the spinels.
The group of projected data points
with Mg (Mg -f Fe2~i ratios between
0.38 and 0.68 in Fig. 69 represents a
cluster of euhedral spinel grains within
a coarsely crystalline (crystal sizes in the
gjion 2-5 mini olivine-clinopyroxeneamphibole fragment found within an ash
horizon. There is a paucity of spinel
analyses with these Mg/(Mg + Fe2+)
« :. the Grenada volcanic rocks
' an in this particular occurrence.
Interstitial clinopyroxene is present
within the cluster of spinel grains and
also completely rims the cluster, though
only 10—15 i']w in width in some places.
The rim and inclusion clinopyroxene and
the amphibole bordering the rim clinopyroxene are noticeably enriched in
(>/).,. containing as much as 1.10 and
1.15 wt %, respectively. These values
may be compared with average values of
0.30 and 0.58 wt °fc Cr203 shown by clino-
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pyroxene and amphibole occurring elsewhere in the fragment. The spinel grains
in the cluster show slight zoning with increasing Cr/(Cr + Al) ratio and decreasing Fe3+/(Fe3+ + Al + Cr) ratio
from the spinel-clinopyroxene contact.
Other spinels occur as isolated inclusions
within olivine, clinopyroxene, and amphibole and show a continuation of the trend
toward increasing Fe;i+ and decreasing Cr
content. It is not known whether the absence of spinel compositions with Mg/
(Mg + Fe2+) ratios of 0.36-0.50 and
Fe3+/(Fe3+ -f Cr + Al) ratios of 0.270.35 represents a genuine compositional
gap or is a matter of sampling.
In summary, it appears that the trend
of variation shown by the Grenada spinels was marked initially by increasing
Cr substitution for Al. This may have
been modified in some instances by reequilibration with host silicates. In addition, the evidence from the ferrian pleonastes is unusual in that it suggests, if the
spinel and clinopyroxene are cognate to
the host magma, that under some conditions an entirely Cr-free spinel-clinopyroxene assemblage can form. If the spinel
and clinopyroxene are xenocrysts, then it
would appear that they reacted with
their host magma before they were included in the olivine grain that now contains them.
The better defined trend from aluminous chromite to titaniferous magnetite
is unusual among terrestrial basaltic
rocks because of its continuity. It would
appear that spinel was a stable phase
throughout the crystallization history of
these volcanic rocks and that the changes
in spinel composition reflect the changes
in the individual magmatic environments.
In comparison with the chrome spinels
of layered stratiform intrusions and
alpine-type peridotites (Irvine, 1967), the
Grenada spinels are generally much
in Fe8+/(Fe;}+ +
more variable
and ratio.
higher
Al
+ Cr)
The range of Cr/(Cr +
Al) ratios is nearly as extensive as the
entire range observed in alpine perido-
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tites and overlaps the range in layered
stratiform intrusions. It is possible that
the extensive compositional variation in
the Grenada spinels represents a series of
nonequilibrium quench compositions.
However, the spinels characteristically
occur as well-developed octahedra enclosed within phenocryst phases such as
olivine, clinopyroxene, and plagioclase,
which on the basis of experimental studies (e.g., Yoder and Tilley, 1962) are
expected to be stable in silica-undersaturated basaltic magmas at pressures less
than 10 kbar. The spinels are interpreted
here as representing a series of equilibrium liquidus compositions.
Magnetic Properties of Spinels Synthesized at 1300 °C in the FeCr204Fe304 Solid Solution Series
P. Wasilewski* D. Virgo, G. C. U Inter, "f
and F. C. Schwerert

The stability of the Fe304-FeCr204
solid solution series within the FeOFe20-i-Cr208 system with respect to oxidation and reduction has been studied by
thermogravimetric techniques (Katsura
and Muan, 1964). Their equilibrium data
at 1300°C are given schematically in Fig.
70. Three oxide phases are stable under
these conditions: a complete sesquioxide
solid solution between Cr203 and Fe203, a
wiistite solid solution characterized by a
variation in Fe/O values as well as the
presence of some Cr3+ in the structure,
and a stable spinel field as a ternary solid
solution. The redox state of the spinel
field is clearly demonstrated by considering the phase changes along an ironoxygen reaction line such as A to E
through the spinel field (Fig. 70). The
transition from the reduced two-phase
assemblage {A), spinel + wiistite, to the
* Astrochemistry Branch, Laboratory for Extraterrestrial Physics. Goddard Space Flight
Center, Greenbelt, Maryland.
t Department of Geology, Temple University,
Philadelphia, Pennsylvania.
t Research Laboratories, U.S. Steel, Monroeville, Pennsylvania.
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oxidized assemblage (E), spinel — sesquioxide, can be achieved isothermally
by changing the oxygen fugacity. In this
interpretation, when the critical vacancy
concentrations of the anion [A] and cation [Cj are exceeded, instability of the
spinel lattice results and precipitation of
the RO and R2O3 phases, respectively.
will occur. This report gives preliminary
results on a unique magnetic technique
that leads to further detailed insight into
the redox state of the iron-chrome spinel
field.
Spinels across the solid solution scries
FeaO-t-FeCroO-i were synthesized at
1300°C at different /o„ values, selected on
the basis of the data of Katsura and
Muan (1964). They used conventional
thermogravimetric techniques to define
the extent of the spinel field. The /o..
synthesis values used in this study are
plotted as solid points in Fig. 71 (upper).
The heavy vertical lines through the /o.,
synthesis points for Fe804, Fe2.38Cro.62O4,
Fe1.70Cr1.30O4, and FeCr204 mark the extent of the single-phase spinel field at
1300 °C determined from the thermogravimetric analysis curves. It can be
seen that all synthesized samples used in
this study are within the spinel field as
delineated by Katsura and Muan < 1964 ) .
Magnetic hysteresis measurements
were made on a Princeton Applied Research vibrating sample magnetometer
using powdered samples weighing between — 10 and 100 mg. Measurements
were made in the range 4°-300°K in
magnetic fields up to 16 kOe. The schematic hysteresis loops at 300 °K. cell dimensions, and saturation magnetization
data at 300 °K are summarized in Fig. 71
(middle and lower). It should be noted
that the saturation magnetization data at
300°K are in agreement with those of
Robbins et al. (1971), and the lattice
parameter data are in agreement with
those of Robbins et al. (1971) and Francombe (1957).
Regions I, II, and III along the join
Fe304-FeCr204 have been defined on the
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FeOCr*0

_

_.

ANTIFERR0UA8NETI8M

FeO FERR0UA8NETI6M
+

FeOFe203

Fig. 70. Schematic ternary diagram of the system FeO-FeaO.s-CrsO.i (Katsura and Muan, 1964).
A l- ;i,' -pinel — wiistite field; B is on the boundary of the spinel field and may have equilibrium
anion-vacancy concentration, jXj ; C is in the cation-deficient spinel field; D is on the boundary
5< ating spinels with equilibrium cation-vacancy concentrations,
C ; and E is in the spinel +
sesquioxide field. Magnetic data for the sesquioxide solid solution are after Cox, Takei, and Shi1963). Regions labeled I. II, and III along the join FeCioCh-Fe.iCh are distinguished from
the hysteresis data at 300°K (see text). The width of the spinel field for a given Fe-0 reaction line
through the field can be correlated with the isothermal, thermogravimetric synthesis curves (cf.
Fig. 71 i.

basis of the shape of the hysteresis loops
at 300 K (Fig. 71. middle). Region I is
characterized by normal hysteresis behavior at 300'' and 77 °K. these results
are similar to the data obtained for samples of the solid solution series MgFe204MgCr204 that were synthesized in air at
1300°C fUlmer and Smothers, 1968). All
loops for -ample- prepared in region I
are similar and are diagnostic of singlephase spinels. From Fig. 71 it can be seen
that these samples were synthesized at

the high /<>., range of the spinel field, with
the exception of Fe;i()4.
Samples in region II, which were synthesized at various /()., values within the
range of spinel stability, exhibit constricted hysteresis loops at 300 °K. At
77 °K they show large square loops, which
respond to field cooling by shifting along
the magnetization and field axes and are
further characterized by abnormal viscosity, as indicated in Fig. 72. Samples
in region III, also synthesized at various
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Fig. 71. Summary of experimental data for the FesO-i-FeCi'sO* solid solution. Upper figure: The
fo2 synthesis values used in this study. Arrows show the range
of /<>> values for a single-phase
Ospinel determined from the thermogravimetric analyses (TGA). The dot-dash line is the stoichiometric boundary determined from the TGA curves. The dashed line designates the phase boundary
between the cation-deficient spinel field and the field of spinel + sesquioxide. Middle figure: Magnetic hysteresis loops at 300° K, characteristic of the three defined regions I, II, and III. Lower figure: Plot of the saturation magnetization data at 300°K (open circles) and the 300°K lattice parameter (closed circles) for the spinels used in the study.
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Fi^. 72. Hysteresis loops at 300° and 77°K for the chrome spinels, Fe1.02Cr1.osO4 (region II) and
I • - Cn V.O4 (region III).

/,, values within the range of spinel stability, all show two-component loops at

ature between 300° and 77°K; (b) loop
shifting in response to field cooling and

300 'K. and at 77 °K they show hysteresis
properties similar to those of the samples
in region II (Fig. 72 1. The two-component loop.- at 300°K suggest the presence
of a discrete minor ferromagnetic component in addition to the spinel.

increases in coercivity of 103-104 Oe;
(c) saturation not achieved in a 16,000
Oe field; (d) square shifted loops that
are indicative of a large induced unidirectional anisotropy; (e) viscous behavior,
indicating the presence of discretely
coupled regions in the lattice, which can
be decoupled at specific values of the
field strength. These modifications of the
loop shape are distinct from the commonly observed time-dependent loop
changes measured in low to moderate

The magnetic hysteresis loops at 77CK,
characteristic of samples within regions
II and III of the spinel field, are anomalous for single-phase spinels. The important characteristics of the magnetic behavior are: (a) definite coupling temper-
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alternating fields following demagnetization (e.g., Knowles and van Groenon,
1969; Heck and Vaccari, 1964).
It is suggested that these magnetic
properties may be explained in terms of
exchange coupling of two discrete spin
systems (Meikeljohn, 1962). The implied
spin systems are the dominant ferrimagnetic spinel host and an antiferromagnetic RO phase or reduction-induced
microstate. This explanation is consistent
with the magnetic properties of the oxide
phases in the ternary system FeO-Fe2OxCr203 and, furthermore, points to a general technique for characterization of
phases whose stability is related to the
redox state of iron.
The stoichiometric spinel solid solution
Fe,rCr2-j-04 is characterized by the end
members FeCr204, which is a normal
spinel (Fe2+[Cr23+]04) , and Fe304, which
is an inverse spinel Fe3+[Fe3+Fe2+]04,
where the brackets refer to the octahedral
or B sites and the unbracketed ions are
in A sites. Members of the solid solution
can be considered as jerrimagnetic spinels
with increasing iron content (Robbins
et at., 1971). Qualitatively, the increase
in the magnetic moments at room temperature with increasing Fe304 (Fig. 71)
and the increase of the Curie temperature
(Tc) from 90 °K for FeCr204 to — 848°K
for Fe304 are in support of the increase of
the antiferromagnetic A-B interactions
over the B-B and A-A interactions (A
and B refer to the tetrahedral and octahedral coordinated cations, respectively.)
The magnetic properties of the sesquioxide solid solution (Cri.a?FeJ)203 have
been described by Cox, Takei, and Shirane (1963). In the range 0 < x < 0.2,
the solid solution behaves as an antiferromagnet and the Neel point decreases
from 308 °K for x = 0 to 200 °K for x —
0.2. For values of x in the range 0.2 < x
< 0.5, there is an additional spontaneous
wreak ferromagnetism. All the oxides
with x > 0.5 have superimposed weak
spontaneous moments, and the Neel point
increases with iron content from 600 °K
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for x = 0.6 to 950°K for x = 1 .0. There
are no published data on the magnetic
properties of the wiistite .solid solutions
containing quantities of Crv. It is; known.
however, that Fe.,0 is an antiferromagnet
with a Neel point of 198°K for wustites
having values of x ^ < 1 .
On this basis and depending on the
equilibrium tie lines between coexisting
phases, magnetic exchange phenomena
between various interacting distinct spin
states are possible: (a) Ferrimagnetic
spinel (region III) -f- metal with Tc
metal > Tc spinel; Tc spinel < 300°K.
(6) Ferrimagnetic spinel (region III) —
metal -f- wiistite with Tc metal > T „
wiistite > Tc spinel; Tn wiistite and Tr
spinel < 300°K. (c) Ferrimagnetic spinel solid solution ( Tc spinel ranges from
— 90°K for FeCr204 to —840 °K for
Fe;^04) + antiferromagnetic (FeCr)O
with Tn < 300°K. id) Ferrimagnetic
spinel solid solution (as in c) -f- antiferromagnetic (Cri-JFea?) 2O3 ± parasitic
ferromagnetism with Tn in the range
308° ~ 200°K for 0 <x < 0.2 and Tn in
the range 200°-950°K for 0.2 < x < 1.0.
In the range 0.2 < x < — 0.4 there is a
discontinuity in the spontaneous moments
below what is termed here the Neel point.
It can be inferred that each of these
couplings will take place at specific temperatures, and the properties of the specific examples that are dependent on temperature and magnetic field may be used
to identify and classify the nature and
extent of the microstate.
In general, the results are identified
with c in view of the fact that the coupling mechanism was observed to take
place between 300° and 77 °K, and also
that the spinels of regions II and III were
synthesized on the reduced site of the
spinel stability field. The existence of a
minor ferromagnetic component in the
300 °K hysteresis loops for samples in
region III is consistent with the presence
of the two-phase mixture iron -f- spinel
(cf. Fig. 70). However, the existence of a
ferromagnetic
component
for restricted
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compositions of the sesquioxide solid solution could also give the two-component
loops noted above.
In conclusion, then, the magnetic results of this study suggest the presence of
a magnetically active RO region, probably associated with anion vacancies in
the spinel lattice or a distinct RO type
phase in addition to spinel. From these
results, it can he suggested that the magnetic hysteresis technique is more sensitive to the redox state oi the spinel than
conventional techniques such as x-ray
powder diffraction, thermogravimetry
(sensitivity oi 1 part in 104), and transmitted or reflected light microscopy
(resolution oi 1 f»xn). Furthermore this
technique appears to offer a unique way
to determine phase boundaries and to
study the progressive changes during oxidation and reduction of spinels. Such
studies will he of fundamental importance to discussions of the redox state of
natural spinels (e.g.. Haggerty, 1971 ) and
spinel miscibility gaps (Cameron and
Glover. 1973).
< kv-tal-fleld effects in spinel !
Oxidation States of Iron and
Chromium

Chromium-iron spinel varies widely in
composition, reflecting growth under different natural conditions. The oxidation
tes of chromium and iron in spinel are
J records of the conditions, thus making it possible to determine experimentally the relation between composition,
temperature, and oxygen fugacity in
spinels.
In the present study a terrestrial spinel
I under controlled atmospheres

a) Apollo 70002,7

at high temperature, and the experimental products were examined for crystalHeld effects in iron and chromium. The
goal was to assign crystal-field bands to
electronic transitions and oxidation states
of iron and chromium to relate oxidation
states to temperature and oxygen fugacity,
and ultimately to use the data as an experimental reference for interpreting the geochemical history of natural spinels and
their host rocks. This report records data
on spinels from the Philippines; from the
Liqhobong pipe, Lesotho, collected by
Dr. P. H. Nixon; from an Apollo 14063
rock; and from a sample cored into the
moon's surface
site. Electron
given in Table
The spinels

at the Apollo 17 landing
microprobe analyses are
24.
from the Philippines and

from Lesotho were studied by the 57FeMossbauer resonance technique (D. Virgo,
personal communication, 1974), which
showed evidence that ferrous iron occupied both tetrahedral and octahedral coordination sites. These two spinels also
contain tetrahedrally coordinated ferric
iron, which characterizes them as partly
"inverse." Chromium is octahedrally coordinated and is probably present only
in the trivalent state because it coexists
with ferric iron.

U.K. Mao and P. M. Bell
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Experiments under Controlled
Conditions
The Lesotho spinel was packed in an
envelope of Pt foil with grains of olivine
•O

(F095) and pyroxene
rock and was heated
controlled flowr of PL
to provide a partial
of 10-11 -5 atm).

(En.,.-,) from its host
at 1400°C under a
and C02 (calibrated
pressure of oxygen

21. Spine] Compositions Measured by Electron Microprobe

h) Philippine chromite
(c) Treated Lesotho chromite
d) Untreated Lesotho chromite

MgO

5.66
12.27
1.89
0.07

24.23
15.85
22.91
19.02

A1,0:

(>•/):■
4.31
04.77
42.08
40.55

64.52
7.23
31.73
31.04
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Fig. 73. Photomicrograph of Lesotho spinel crystal after having undergone partial treatment at
1400°C, Po2 = 10-11,5 atm (diameter of crystal = 0.5 cm).

The Lesotho spinel was separated from
a harzburgite (sample PHN 2600) that
was kindly supplied by Dr. F. R. Boyd.
The objective was to diffuse iron from the
spinel via a low-iron silicate melt into the
platinum. Unless iron is removed from
the spinel, freeing tetrahedral sites, trivalent chromium is stabilized in the octahedral sites by the excess crystal-field
stabilization energy, even though free
ions of chromium would normally reduce
to the divalent state under the experimental conditions (Or gel, 1960, p. 70).
The present treatment causes some of the
chromium to be reduced and diffuse into
the tetrahedral sites vacated by the ferrous iron. Figure 73 shows a photomicrograph of a spinel crystal that has undergone partial treatment. The dark core is
still approximately in its original ironrich condition, whereas the light rim is
lower in iron and contains some divalent
chromium. The compositions of a Lesotho
spinel that was treated for a sufficient

time to attain uniform composition and
those of the lunar and Philippine spinels
are given in Table 24.
The atomic ratio (Fe -f- Mg)/(Cr -|Al) in the untreated Lesotho spinel is
greater than Yz because a portion of the
iron is evidently trivalent. In the treated
spinel the atomic ratio is less than %, implying that some of the chromium has
entered the tetrahedral sites as described
above. To achieve charge balance, iron
and oxygen have diffused from the crystal
during treatment.
Crystal-Field Effects
Ions such as chromium and iron have
unfilled ^/-shells, and therefore the crystal
field determines the most important
aspects of their spectra. The relationships
between the optical spectrum of a spinel
crystal, crystal-field effects, and the oxidation states of iron and chromium can
be determined as follows. For quantum
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axis can be thought of as locating spectral
lines for an ion in field-free space. As the
octahedral crystal-field becomes more intense, the spectroscopic states are splitin to several crystal-field states, and their
relative energies change. For example, a
(P ion in an octahedral field will have an
electronic transition from the ground

numbers n = 3, / = 2 the M -shell (/-electron configurations are Fea*d6, Fes*d5,
i1. and Cr'</;\ Figures 74A-C and
192 show plots of the energy levels of
is B function oi the intensity of
an octahedral crystal field. Conceptually,
the upper case letters (Condon-Shortly or
troscopic states! along the vertical

4T2(F),(tfe)
2T2(G)

2T,(G)

B=9I8
Octahedral
C = 4I33
4A,(F)f(t!)

20

Fig. 74A Energy-level diagrams for '/-electrons in an octahedral field. Where a cusp occurs, it
A0, I03cm"'
i- an artifacl caused by tfikirm the ground state
as zero energy. The cusp is a change in ground
-rat<-' at the high-spin, low-spin transition that occurs at field intensities higher than those described
in this pap'-r. H and C are used as normalization parameters; they are Racah parameters related
to the interelectronic repulsion of the rf-electrons (McClure, 1959). (After Berkes, 1968, dthe
3 figures
are a computer plot of calculations by the method of Tanabe and Sugano.)
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70 -i

B

5T2(D),(t*e*)

5E(D),(t*e)

Octahedral
B=8I0
C=3565
5D-0

3T,(H),(t4)

Fig. 74B.

state 4A2{F) to the excited 4T2, corresponding to the configurations t2g and eg,
a spin-allowed transition.*
The horizontal axis of Fig. 74 is the
parameter A0, a function of the octahedral ligand-field intensity, and consequently depends on the interatomic dis* The superscript 4 is one more than the number of unpaired electrons. When the superscripts of the ground and excited states are
identical, a transition between them is spinallowed. Transitions between the ground state
and states of different superscript numbers are
spin-forbidden.

tance between a central cation and its
coordinating oxygen anions. Interatomicd4
distance changes with pressure,
and
therefore if one subjects a crystal to varying pressure, he can vary the crystal-field
intensity. The absorption bands can be
uniquely assigned because their shift
with pressure can be directly related to
changes in structural position determined
independently, as will be described.
The energies of many of the transitions
in Fig. 74 are in the optical and near
infrared range. The intersections of the
curves
for excited
electronic
states
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3T,(H),(t*e)

A,(I),(tJ)

20

Fig. 74C.

A0, I03cm_l

aligned at constant values of A0 mark
spectra] absorption bands at the energy
levels indicated on the vertical axis.
Tetrahedral and cubic coordinations can
also Ik- considered by noting relationships
of the number of '/-electrons as follows
(for a point charge model; McClure,
1959': A(l (octahedral) = -9/4 A0
(tetrahedral) = —9/8 a„ (cubic), for a
given metal-oxygen distance. A diagram
like those shown in Fig. 74 for an octahedral field of dn is qualitatively identical

al field of d10'n.
a tetrahedr
one for hip
with relations
The
results from the change
in sign of A0, which indicates an inversion
of ground and excited states.
By the use of calculated energy diagrams one ideally can recognize and assign the absorption bands measured in a
crystal with an optical spectrometer. If,
for example, a d" cation occupies both
octahedral and tetrahedral sites in an
inverse spinel, one would locate the observed energies and values for A0 of the
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appropriate bands for optical absorption
bands on an octahedral energy-level diagram calculated for dn and look for the
corresponding tetrahedral bands on an
diagram of dlu~n
energy-level
octahedral
but
at 4/9A0
of the octahedral bands.
Difficulties may arise if bands of other
transition elements in the crystal interfere, ifa cation site is so distorted that it
causes additional splitting of the bands,
or if metal-oxygen distances differ between sites. Careful analysis of the band
splitting, however, may provide useful
data on departures from ideal site symmetry.
Interpretation of absorption spectra by
crystal-field theory is practical as far as
the theory extends, provided that effects
other than those caused by the crystal
field are minor. Actual distributions of
charges in crystals are too complicated
for exact calculation of the field, and it
should be understood that the point
charge models and dipole models are
only limiting approximations. Moreover,
there are localized effects on the c?-orbitals
originating in core electrons and delocalized effects caused by overlap of oxygen
( ligand) . Unpredicted spectral features
may serve to identify these effects, but
band assignment must be accomplished
independently.
Crystal structure determinations and
supporting data from 57Fe-M6ssbauer
spectra have proved useful in support of
spectral studies. Up to the present, however, firm assignments have been possible
only on a small group of well known
structures (Burns, 1970). It would be
advantageous in assigning bands to be
able to vary the crystal-field intensity,
A0, on a given crystal, and this is one of
the main purposes of measuring spectra
at various pressures.
Spectra at High Pressure
The band assignments in the spinels
studied were made with the guidance of
previous efforts and with the support of

337
crystallographic
and
57Fe-M6ssbauer
data (I). Virgo, personal communication,
1974). As; an example of the procedure
employed, Fig. 74A shows the energylevel diagram of octahedral Cr**(d*).
Starting at a given A0, one can observe
that the energies of some transition- increase with increasing A0 (and therefore
with pressure) and that certain energy
levels are less sensitive to increasing A„.
Other parts of Fig. 74 show levels (spinforbidden transitions) that decrease in
energy with increasing A0. Qualitatively.
a steep curve on the diagrams of Fig. 74
implies that the corresponding absorption curve will shift rapidly to higher
energy as pressure is increased, whereas a
band corresponding to a flat curve will
not move at all.
In the case of a crystal containing a d6
ion, certain bands (spin-allowed) will
shift to higher energy with pressure,
others (spin-forbidden) will shift to
lower energy, and some will not shift with
pressure. As long as pressure does not
cause significant structural change in the
crystal, it can be used advantageously
with reference to an energy-level diagram
in assigning a sequence of absorption
bands.
Information regarding the quality of
the individual absorption bands can also
be obtained from energy-level diagrams.
Bands caused solely by crystal-field
effects can be classed in terms of their intensity. Transitions that are spin-allowed
and symmetry-allowed are generally the
most intense, whereas a center of symmetry or a change in spin state will reduce the probability of a transition and
consequently will result in a weaker
absorption band. A steep slope on the
energy-level diagram implies sensitivity
to changes in interatomic distance and
suggests that the corresponding absorption band will be broad. Conversely, a
curve of small slope can usually be correlated with a sharp band.
In Fig. 74A for ds electrons, the allowed transitions 4.42(F) —> 4T1(F) and
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Fig. 75. Photomicrograph of single crystal of untreated Lesotho spinel viewed through the diamond pressure cell (field = 250 /im) .

iA2(F) — > 47\. (Fi are intense but broad,
whereas the spin-forbidden transitions
*A2(F) -> 2ri(G), 2E{G) are weak and
sharp. The spin-allowed transitions in a
tetrahedral field will be approximately
102 more intense than those in an octahedral field i Cotton. 1963).
Figure 75 shows a photomicrograph of
a single crystal of the Lesotho spinel in
• r. viewed through the window of a
diamond pressure cell. The crystal has
been polished on both sides and is at a
pressure slightly greater than 9.4 kbar
(indicated by the formation of a smaller
ystal of ice-6 growing on the upper
surface of the spinel I. A\ 'ith the diamond
cell it i.» possible to measure the crystalfield spectrum and to vary the crystal
field at will. As an example of the technique, Fig. 70 shows a spectrum of one of
the crystal-field bands of octahedrally
coordinated Cr::" in the spinel, at 1 bar,
10 kbar. and 20 kbar pressure. This band
correspond.- to the transition 4A2(F) —>

4T,\F) (Fig. 74C) at a A0 of 17,700 wave
numbers. The peak shifts of A0 = 17,900
and 18,100 wave numbers at 10 and 20
kbar are consistent with the assignment.
The peak does not broaden or split, implying that the octahedral site is compressed but otherwise unchanged. The
band is thus assigned at three field intensities for a given ion in an octahedral site.
Other bands for this crystal are described
below.

of Fe2+, Fe3+, Cr2+,
of Bands
Assignment and
Cr3+ in Spinel
The spectra of the spinels studied fall
into three types: (a) Apollo 14 and 17
lunar spinels, (b) Philippine and untreated chromites, and (c) treated Lesotho chromite. Within a group, the intensity of absorption bands varies slightly
with composition, but the basic spectra
are the same. Figure 77 shows the spectra of each of the three. The octahedral
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Fig. 76. Crystal-field spectra of the Lesotho spinel before treatment at 1 atm, 10 kbar. and 20
kbar. The spectra have been displaced in absorbance units in the right and left sides of the diagram.
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25. Absorption Hand Assignment* forSpinelst

Hand
Frequency, cm-1
5000
7500
10,000
16,000
approx.)

(a)

(c)
17,700
22,000

—»

—> ->
Assigned Transition

Site Symmetry

Wavelength, am
2000
1 300

*T*
_>
INSTITUTION
6A,
—>
47\

'A i 471,

Tetrahedral
Tetrahedral

37T!

Octahedral
Tetrahedral

950
642
662

Tetrahedral
Tetrahedral
Tetrahedral
V• --Tetrahedral
1
IV- -I-Y-('Y Octahedral
Octahedral
Fe8 • Octahedral

682
656
082
660
530
450

IE
(split;

4A,

m

M-

4r.»

I

(unsplit)

4 7'.>

3IV+- - proposed by McClure (1062) and Ulmer and
'Assignments o\ many of these transitionsFewere
White [1966).
Fe2+
Apollo 17 spinel 70002.7; (6) Philippine Crspinel;
(c) Lesotho spinel (treated). Spectra are shown
3+
in Figs. 77 and 78.
+
Cr3
Crs+

Site

Ion

FV7

Symmetry
octahedral
tetrahedral
Tetrahedral
tetrahedral
octahedral

Energy-Level
<r
Diagram for
Octahedral Field

<T

Fe3-

On the basis of the techniques der3- above, assignments already made
Cscribed
by Reed and Kay (1961, p. 307) and by
Ulmer and White (1966), and calculation- of X, for octahedral ions (Cotton,
1963 i . the various bands in the spectra of
Fi'_r. 77 are assigned as follows. The
strong, broad band at approximately 5000
ve numbers in all three spinel crystals
is caused by a transition in octahedral
I- (the assignments are tabulated in
Table 25). Centered at approximately
7500 wave numbers is a band caused by
an allowed transition in tetrahedral Cr2\
This band occurs only in the reduced and
iron-depleted crystal (c). At approximately 10.200 wave numbers, the weak
band in crystal (6) is caused by a small
amount of octahedral Fe2' , defining the
spinel as inverse. The minor bands near
16,000 wave numbers are not resolved in
scale of Fig. 77. The Btrong band at
17.700 wave numbers is the .-ame one de-

scribed in Fig. 76, caused by octahedral
Cr3+. The next crystal-field band for
octahedral Cr3+ can be seen as a shoulder
in (a) centered at approximately 22,000
wave numbers. The steep edge that
sweeps into the ultraviolet (energy above
25,000 wave numbers) is probably caused
by oxygen -» metal charge-transfer processes involving delocalized electrons (McClure, 1959; Vaughan and Burns, 1973;
Tossell et al, 1974).
Figure 78 shows the minor bands of the
three spinels in expanded scale. The three
bands in (a) are spin-forbidden bands in
tetrahedral Fe2+, representing triple degeneracy of the orbitals. In (b) one of
these occurs at 682 nm, but the others are
evidently overlapped by the band at 656
nm, caused by a spin-forbidden transition
in tetrahedral Fe3+. In (c) the iron concentration islow after treatment, and the
minor bands do not appear. The broad
band centered at about 660 nm is probably caused by a splitting of the octahedral Cr3+ band.

d3 d*
ds

energy-level diagrams of Fig. 74 can be
referred to as follows:

Interpretation of the Chemical History
of the Spinels
The three spinels were chosen to represent (a) extremely reducing, (b) moderately reducing, and (c) oxidizing conditions. Spinel (a) from the lunar surface
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have been as reduced as the lunar spinel,
it was reduced enough to stabilize dival34 1
ent chromium that diffused into the tetrahedral site as iron diffused out. Spinel
(b) contains significant amounts of iron
and chromium, and on the basis of itoccurrence (M. Bird, personal communication), itis relatively oxidized.
The results of this study demonstrate
that the oxidation state and coordination
of chromium and iron can be determined

\(b)
660
1
v 640;

\v

680

\(c)

from crystal-field spectra. The relationship of the oxidation state to the partial
pressure of oxygen at the time of formation of the spinels is dependent on the
composition of the spinels.
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c
o
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(/>
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Crystallization Behavior of Iron
TlTANATES

IN SlLICATE

MELTS*

B. R. Lipin and Arnulf Muawt

\(a)
640
1

600

660

680

t N

i

700

Wavelength, nm
Fig. 78. Part of Fig. 77 between 600 and 2000
nm shown in expanded scale.

is reduced, according to reported data on
the Apollo 17 drill stem samples (National Aeronautics and Space Administration, Apollo 17 Preliminary Report,
1974) . Even though the conditions would
normally be reducing enough to stabilize
divalent chromium, the spinel contains
too much iron to accommodate divalent
chromium in the structure. That is, trivalent chromium and ferrous iron have
excess crystal-field stabilization energy
(CFSE) in the octahedral and tetrahedral sites of spinel, compared with that
of divalent chromium, and the sites are
preferentially filled with ions of highest
CFSE. Even though spinel (c) may not

Iron-titanium oxides comprise as much
as 20 modal % of some lunar mare basalts and serve as potential indicators of
crystallization sequences and thermal histories of high-titanium mare basalts.
Phase relations among the three phases
that contain iron and titanium as major
constituents (ilmenite, pseudobrookite.
and spinel) have been studied previously
for a number of oxide combinations and
under a variety of conditions (see. for
instance, Johnson, Woermann, and Muan,
1971; Muan, Hauck. and Lofall. 1972).
The present work deals with equilibria
among titanates in the presence of a silicate liquid in a relatively simple model
system where the various parameters can
be carefully controlled. The system
chosen, CaAl2Si208-CaMgSioCVFeOTi(\» under strongly reducing conditions,
has on its liquidus all the major silicate
and oxide phases in the high-titanium
* Work carried out under cooperative predoctoral fellowship program between the Geophysical Laboratory and The Pennsylvania
State University.
t The Pennsylvania State University. University Park. Pennsylvania.
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Fig. 79. Projection of the liquidus surface of the system FeoTiO^FeTiL.O.-.-CaAljSiaCX

mare basalts. This report is specifically
concerned with phase relations within the
composition plane CaAl2Si208-Fe2Ti04FeT^Os of the above system.
( bride mixtures of appropriate compositions were homogenized by fusion in
air at 1500' C in iron-saturated platinum
crucibles and then prereduced in C02/
CO al
eres in 70% Ag-30%
Pd

envelopes (T = U00°C, Po, = 10"11
atm i . Final equilibration of the mixtures
- carried our in iron crucibles sealed
in evacuated silica tube- approximating
conditions prevailing on the lunar surface. After rapid quenching to room temperature, phases were examined by mi-

croscopy and x-ray diffraction and analyzed with the electron microprobe.
Results of equilibrium runs are shown
graphically in Figs. 79-83. The first of
these (Fig. 79) shows the liquidus surface
of the composition plane CaAl2Si208Fe2Ti04-FeTi205. Three univariant
liquidus curves pierce the surface at
1300°, 1268°, and 1260°C. The crystalline phases in equilibrium along these
curves are ilmenite -j- ulvospinel + ferropseudobrookite, anorthite + hercynite -fferropseudobrookite, and ulvospinel -fhercynite -f- ferropseudobrookite, respectively. Because of the extensive solubility of the aluminous
end members,
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FeAl204 and Al2TiOr,, in ulvospinel and
ferropseudobrookite, respectively, the
system is not ternary whenever these
phases are present. However, as long as
the Ca/Si ratio remains essentially fixed
in each phase (Ca and Si do not enter the
spinel, ilmenite, or pseudobrookite structures in more than trace amounts and the
molar ratio of Ca:Si is 1:2 in both
anorthite and liquid) the system is quaternary in terms of the components FeO,
A1208, Ti02, and CaO-2Si02. The interrelations between the piercing points in

Fig. 79 and the liquidus univariant curvewithin the above system are shown in
Fig. 80 in both a perspective drawing and
a "Schairer-type" flow diagram.
Figures 81 and 82 show piia.se relations
along the joins C>aAl2Si2Os-Fe2TiO) and
CaAl2Si208-FeTiO.<>, respectively, through
the plane of Fig. 79. In Fig. 81 the boundary curve between ulvospinel -J- hercynite
+ liquid and ulvospinel + liquid, the
"hercynite-out" curve, slopes to the left.
Clearly, hercynite in equilibrium with
ulvospinel and liquid dissolves with de-

Ca0-2Si02
U
1
A
I.P.A

-/ /I2270
U,P,A

u
1
p

< • 1340°

H
C
A

H
U
A
v 1232°
./.
H,P,A

.,"

. P.C.A

H
P
C

H
U
P

i • 1367°

X

«

• 1460°

FeO

2Fe0-Ti02

Fe0-Ti02

Fe0-2Ti02

Fig. 80. Perspective drawing of liquidus univariant curves within the quaternary system FeOTiOTi02-Al203-CaO-2Si02, as discussed in text. The upper right inset shows the same relations
in a
simplified "Schairer-type" diagram. Abbreviations: A, anorthite; H. hercynite; R, rutile; P. ferropseudobrookite ; I, ilmenite; U, ulvospinel; C, corundum.
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Fig. 81. Diagram showing phase relations as a function of temperature in the join CaALSijOsI • T:» I Thi system is not binary but a part of the quaternary system FeO-Ti02-AhO;!-CaO-2SiO:
(compare text). AM>n viations as in Fig. 80; L, liquid.

creasing temperature. The join CaAl2
Si2< >8-FeTi( >.. I Fig. 82 1 is especially complicated. Features of particular interest
are (a) the relatively large compositional
ge over which ferropseudobrookite is
the liquidus phase, (b) the five univariant four-phase assemblages, and (c) the
two invariant assemblages at 1232° and
1227°C. At the higher-temperature point,
anorthite — ferropseudobrookite -f- ulvospinel — hercynite are in equilibrium

with liquid, and hercynite disappears as
the temperature is lowered. At 1227 °C
anorthite + ferropseudobrookite -f- ulvospinel + ilmenite coexist with liquid, and
ferropseudobrookite disappears as the
temperature is lowered.
Representative electron microprobe
analyses of coexisting titanates in equilibrium with liquid are given in Table 26
and shown in Fig. 83. Two noteworthy
features are the relatively low solubility
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of AI0O3 in ilmenite and the systematic
offset of the compositions toward the
Ti02 apex. The latter effect is larger than
that observed by Muan,
Hauck, and
Lofall (1972) in their study of the system

10"10-1 atm, suggesting that a .significant,
amount of Tr* exists in the phases under
the strongly reducing conditions of this
study. Similar representations of most
spinel and ilmenite compositions in the

FeO-Al2(VTi02 at 1300°C and P<K =

lunar basalts studied by Haggerty and

34
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Fig. 82. Diagram showing phase relations as a function of temperature in the join CaAlsSi2(XFeTiOa. The system is not binary, but a part of the quaternary system FeO-TiOa-AlaOa-CaO^SiOa
(compare text). For simplification, all data points are shown as filled dots. Abbreviations as in
Figs. 80 and 81.
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30

20
WEIGHT

%

Al203

Fig. 83. Diagram showing compositions of coexisting pseudobrookite, ilmcnite, and ulvospinel
- - : equilibrium with liquids in the system FeO-Ti02-Al203-CaO-2Si02, as determined by
electron mirroprobe analysis.

Meyer (Year Book 69, pp. 229-237) do
not exhibit the same shift in compositions
toward TiO^ and suggest that these
phases in the lunar basalts may have
equilibrated at conditions slightly more
oxidizing than in equilibrium with metallie iron.
Probably the most significant feature
of the phase relations determined in the
sent study is the profound effect of
A1203 on the stability fields of the tita- it liquidus temperatures. The addition of approximately
13 wt % CaAl2

Si208 (or about 5 wt % Al20:i composition, Fig. 79) causes ilmenite to
become unstable relative to the assemblage ferropseudobrookite and spinel, in
accordance with the extensive substitution of Al:{+ in the last two phases. Trivalent chromium is similarly distributed
among the titanates (S. Shuart and A.
Muan, unpublished data) , and hence the
two phases armalcolite and chromian
ulvospinel, rather than ilmenite, appear
on or near the liquidus of high-titanium
lunar basalts.
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OTHER STUDIES IN
IGNEOUS PETROLOGY
[mmiscibility in Late-Stage Magmas
OF THE SkAERGAARD

AU.v

INTRUSION

R. McBirney and Yasuo Nakamura

The Skaergaard intrusion, oast Greenland, isjustly considered a prime example
d igneous body that has differentiated
to an extreme degree through crystal
fractionation. A.s a result o\ the thorough
field and laboratory studios by L. R.
Wager and his co-workers, there are probably more geological and geochemical
data on the Skaergaard intrusion than
on any other igneous body in the world.
Tho record oi differentiation is magnificently displayed in a 2500-m sequence
of layered gabbroic rocks. Because they
were formed from precipitated cumulus
mineral assemblages that differed in composition from their parent liquid, there is
no direct way of determining the changes
in the composition and volume of the
liquid as it differentiated. The liquid
compositions reported by Wager (1960)
were computed from the presumed original composition of the initial liquid as
indicated by an analysis of the chilled
margin and from the compositions and
volumes of the rocks crystallized from it.
However, the assumptions involved lead
T" srreat uncertainties, and as Chayes
pointed otit in 1970, the results, though
the best then available, are questionable.
During the joint expedition of the Univi rsity of Oregon and the California Institute of Technology in 1971, a gravity
and aeromagnetic survey revealed that
the voluminous "Hidden Layered Series"
required by Wager's calculation is essentially nonexistent. Moreover, new analytical data 'in samples collected at that
rime showed that the compositions used
by Wager for the chilled margin, Layered
Series, and Border Groups were in some
respects unrepresentative. It became evident that a new method of determining
• i liquid compositions was needed.

INSTITUTION

Recent theoretical and experimental
advances have made it possible to obtain
parental liquid compositions by estimating the conditions of crystallization from
the nature of the mineral assemblages
and then finding the compositions of
liquids that are in equilibrium with these
assemblages under the appropriate conditions. The Skaergaard rocks are well
suited for such an approach. There are
already considerable data on the conditions of their crystallization. Temperatures and oxygen fugacities for the
Layered Series have been calculated by
Williams (1971) from coexisting ironbearing minerals, and the temperatures
and total pressure at the last stages of
crystallization were determined from the
relations of polymorphs of Si02 and
CaFeSLOc by Yoder, Tilley, and Schairer
( Year Book 62, p. 91) and by Nash (personal communication). These data indicate that total pressure was about 500
bars at the Sandwich Horizon and about
1200 bars at the base of Lower Zone a.
The absence of hydrous minerals indicates that water pressures were less than
about a kilobar, on the basis of results
obtained by Yoder and Tilley (1962) on
similar compositions.
At the time of crystallization, imperfect fractionation resulted in small
amounts of liquid being trapped interstitially among cumulus crystals on the
floor of the magma chamber. This trapped
liquid crystallized as interstitial grains
and as overgrowths on the cumulus crystals, but in theory this trapped liquid can
be remelted, quenched to glass, and analyzed ifthe rock is returned to the conditions under which it crystallized. Rocks
that are best suited for this purpose are
those containing relatively high proportions of elements such as Zr, Rb, and Hf.
These elements are excluded from the
cumulus minerals and provide a measure
of the amount of trapped liquid (Henderson, 1970). In practice, of course, there
are several factors that could intervene
during crystallization and cooling to alter
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the composition of any liquid that would
be restored artificially. For this reason
it is to be expected that the compositions
obtained from glass produced in partially
melted Layered Series rocks will differ
somewhat from the original compositions
of the trapped liquids. The composition
obtained by analyzing glass from experimental runs must be tested by preparing
synthetic material of the same compositions and ascertaining if they have
all the proper minerals on the liquidus at
temperatures and oxygen fugacities appropriate tothe stage of differentiation at
which those same minerals crystallized in
the intrusion.
Such a procedure entails tedious trialand-error refinement and retesting but
ultimately yields consistent relations between the natural rocks and the liquids
that could have produced them. Details
of this work will be reported later, but
there are several features of the differentiation sequence that differ from the series
calculated by Wager and merit comment.
Instead of being steadily enriched in
silica, the late-stage liquids are strongly
depleted in this component, and enrichment of iron is even stronger than Wager
postulated. There is little enrichment of
alkalies, supporting the conclusion of
Chayes (1970).
Of more importance, however, is the
discovery that the trend of differentiation
in the Upper Zone of the Layered Series
was in part governed by liquid immiscibility, as was suggested by De (1974) on
the basis of the liquid immiscibility found
in the residual glass of Deccan Trap basalts. This possibility was first suspected
during the course of work at the University of Edinburgh in 1972, when it was
found that synthetic compositions prepared by the method of Biggar and
O'Hara (1969) from coprecipitated gels
with compositions close to those of the
experimentally determined Upper Zone
liquids could not be homogenized at temperatures slightly above their liquidus.
The close similarity between these liquids
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and those found to be immiscible in lunar
rocks formed under similar conditions
(Roedder and Weiblen, 1970a), together
with the fact that both the liquids of
Upper Zone c and a typical granophyre
had almost the same liquidus temperatures (near 1000°C), reinforced this suspicion. In both cases, one of the conjugate liquids is rich in iron and phosphorus and low in silica, whereas the
other is rich in silica and low in iron and
phosphorus.
These observations subsequently appeared to be unreliable (McBirney and
Nakamura, 1974) when difficulty was encountered in duplicating the immiscible
separation in liquids that had first born
homogenized at higher temperatures. It
now seems to be likely, however, that this
difficulty was encountered because the
temperature of the solvus crest in the
range of natural compositions is very
close to the liquidus, and because small
differences of composition can cause the
contrast between coexisting liquids to be
drastically reduced or even eliminated.
Another factor that did not support immiscibility was the large differences in
trace-element and isotopic composition
(G. G. Goles and E. J. Dasch. work in
progress) between the gabbros of the
Upper Zone and large granophyric bodies
within the Upper Border Group. The
rocks of large granophyric sills have
strong geochemical affinities to the basement gneiss.
Further experimental work has narrowed the possible errors in liquid compositions, temperatures, and oxidation
conditions, and it has become apparent
that the Upper Zone liquids followed the
boundary of a two-liquid field close to
that outlined by Roedder (19516) and
illustrated in Fig. 84. The iron-rich
liquids that will precipitate the mineral
assemblages of the Upper Zone I Table
27 ) have an immiscible relationship to
silica-rich granophyres such as the Tinden Sill. Compositions intermediate between these end members were prepared
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SiO

12^3

CaO+FeO+MgO+Ti02

Al,0,+Na,0+K,0

Fig. S4. Compositional relations of Skaergaard liquids to two-liquid fields of Greig (1927) and
Roedder (19516). Experimentally determined compositions of Layered Series liquids start at the
chilled margin composition (CM) and approach the two-liquid field. Liquids corresponding to
Upper Zones a, b, and c have an immiscible relationship to liquids with the composition of granophyres (Gr) such as that of the Tinden Sill. An intermediate composition consisting of two parts
Upper Zone c and one part granophyre split into two liquids, one rich in iron (F) and the other
in Si02. Electron microprobe analyses of the resulting glasses are indicated within the two-liquid
a-a' and b-b' are conjugate liquids determined by Roedder in the system K^O-FeO-ALO.r-SiO?
(Roedder. 19516).

TABLE

SiO

TiO
A 10FeO
MgO-» I■'. 0
' 0
1 1,
K 0
P.O.

27. Compositions of Liquids Showing Immiscible Relationships in the
Upper Zone of the Skaergaard Intrusion*
UZa
4G.9
3.6
9.5
22.8
3.2
10.0
2.1
0.5
1.2

UZc

F

S

Gr
0.3
75.0

51.4
2.4

13.0
2.0

26.6
6.7

10.0

3.2
7.9
30.5
0.3
10.0
2.3

65.5
9.6
1.2
11.9
0.3

2,4
0.5
1.3

0.5

1.5
3.9

UZb
46.3
3.4
8.2
20.0
1.9

44.5

0.9

0.5
0.2
4.3

0.4
6.7
2.2
1.0
1.7

3.1
2.0
2.6
0.3

"UZa, UZb, and UZc have been determined experimentally to be in equilibrium with Upper Zones
a, b, and c, respectively. Or corresponds to a typical granophyre; such as that of the Tinden Sill.
F h\A S ;ir<- the iron-rich and silica-rich portions of an unmixed sample that originally was interliate between FZc mj'J Or.
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fe?

B

C

D

Fig. 85. Typical textures in quenched glasses produced when compositions intermediate between
liquids of the Upper Zone and granophyre were first homogenized at high temperature (1375°C)
then run at temperatures just above their normal liquidus temperatures. (A) and (B) consist of
two parts granophyre and one part Upper Zone b and Upper Zone c, respectively. (C) illustrates
the textures obtained from mixtures in which the proportion of the granophyric component is
small compared with that of the Upper Zone liquid. (D) illustrates the effect of crystallization of
plagioclase on liquids close to the two-liquid field. Small globules develop in the glass immediately adjacent to the plagioclase crystals, possibly because the local depletion of the liquid in alumina drives the composition into the field of immiscibility. Widths of fields: (A. B. C) 0.12 mm;
(D) 0.04 mm.

by repeated fusion, grinding, and homogenization at temperatures near 1375 °C.
Each was then placed in an unsealed gold
or silver-palladium envelope and held for
periods of 1 to 10 hours at temperatures

about 5° to 10° above its liquidus in an
atmosphere controlled by mixtures of
hydrogen and carbon dioxide. Oxygen
fugacities were calibrated against quartzfayalite-magnetite and magnetite-wustite

352
reaction curves over the full range oi
working temperatures. Unmixing was ob- ved in runs as short as 1 hour, and the
sise of globules and compositional consts increased in longer runs.
Typical textures are illustrated in Fig.
s" Two distinct glasses were readily produced from compositions close to the
silica-rich end member. More iron-rich
compositions produced finer textures.
consisting oi clouds oi small droplets of
glass and possibly cristobalite, similar to
those reported by Greig 1 1927).
Compositional relations are shown in
Fig. 84. Early liquids corresponding to
the Lower and Middle Zones trend across
the central part of the diagram as they
ome progressively depleted in feldspar
and enriched in iron. They reach the
solvus and change abruptly to a trend
v from silica, alkalies, and alumina.
The composition of a typical granophyre
(Table 27) is complementary to this
trend, as it lies on the opposite side of the
solvus and appears to have evolved somewhat farther down the expected line of
- :ent. The density contrast between the
two immiscible liquids is marked (approximately 2.8 for the ferrogabbro comd with less than 2.4 for the granophyres, according to unpublished measurement- byT. Murasel. and the viscosity- of the iron-rich liquids must have
been low (about 103 poises, according to
measurements by T. Murase). Hence
tiraviry >eparation of the two liquids
uld have been efficient.
The course of differentiation through
the Lower and Middle Zones wras close
to that determined by Roeder and Osborn
<J966i for the system MgO-FeO-Fe203CaAl2Si208-Si02, but the two-liquid field
encountered in the Upper Zone was not
observed in their work. Two additional
components, K20 and P2Og, that were
included in the synthetic compositions of
Skaergaard liquid- may be of critical importance for the immiscible relations. The
two-liquid
field
found
by
Roedder
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(19516) in the system K20-FeO-AUV
Si02 corresponds remarkably well with
the one indicated by the new data. Oelsen
and Wiemer (1942, and in Muan and Osborn. 1965) show that with only small
amounts of P2Or, present an extensive
field of liquid immiscibility exists in the
system iron oxide-Na20-P20->-Si02.
In addition to the large granophyric
bodies in the Upper Border Group, there
are small dikes and sills within the gabbros of the Upper Zone. The former may
be products of melting or large-scale assimilation of basement gneiss, as the
geochemical evidence indicates, but the
latter could have separated as immiscible
liquids during differentiation of the gabbroic magma.
The System Fe2Si04-KAlSi2CVSi02
AT 15 KBAR
Yasuo N akamura

Evidence for silicate liquid immiscibility in natural rocks has recently been
accumulated (Roedder and Weiblen,
1970a, 6, 1971; De, 1974; Gelinas, 1974;
McBirney and Nakamura, this Report).
It is still open to question, however, that
liquid immiscibility plays an important
role in large-scale magmatic processes
contributing to the differentiation of the
earth's crust and mantle. To clarify the
role of liquid immiscibility, it is necessary to determine the pressure effect on
liquid immiscibility. Liquid immiscibility related to that occurring in nature
was found by Roedder (19516) at 1 atm
in the system Fe2Si04-KAlSi20(i-Si02
(Fig. 86). A part of this system was
studied in a preliminary way at 15 kbar.
Starting materials were a mechanical
mixture of synthetic fayalite, orthoclase
glass, and cristobalite. Iron capsules and
a solid-media, high-pressure apparatus
similar to that described by Boyd and
England (I960) were used. The durations
of the runs were Vi> to 4 hours. The compositions of the glasses, most of which

GEOPHYSICAL

LABORATORY

353
Fe9SiO,

Two liquids

KAISi206

KAISi308

K-feldspar

Fig. 86. The phase diagram of the system FeoSiOi-KAlSi^Oo-SiOo at 1 atm after Roedder (19516)
Solid circles denote the compositions of starting materials used in this study.

were finely devitrified upon quenching,
were analyzed with the electron microprobe. Several runs at 25° and 50 °C
temperature intervals were made for a
mixture of Fa40Lc26Qz34 composition,
which lies in the approximate center of
the immiscibility region at 1 atm (Roedder, 19516). The liquidus phase for this
composition is fayalite at 1 atm. At 15
kbar the liquidus temperature is 1415°
± 15°C and the liquidus phase is quartz.
Quartz remains the only crystalline phase
down to 1250 °C, where the liquid composition isabout Fa4r)Lc29Qz26. Fayalite
was observed at 1225 °C. No evidence of
liquid immiscibility was obtained from
these runs or from several runs on other
compositions within the immiscibility region defined at 1 atm (Fig. 86).
In addition, a mixture of two immisci-

ble glasses and tridymite was produced
at 1 atm, in accordance with Roedder 's
diagram, by heating a charge of Fa40Lc2o
Qz40 composition at 1180°C for 3 days in
an iron crucible placed in an evacuated
silica tube. A number of spheres of fayalite-rich brown glass (Fa64Lci6Qz2o> up to
0.5 mm in diameter and a matrix of
silica-rich pale glass (Fa26Lc27Qz47 ) and
tridymite were obtained. This mixture
was crushed but not ground and was used
as the starting material for high-pressure
runs. After treatment at 1350° and
1250 °C at 15 kbar, only one glass was
observed, together with quartz, in the
charges after 30 minutes.
It is concluded from this study that the
field of silica is expanded at the expense
of the field of fayalite at 15 kbar relative
to 1 atm. The field of liquid immiscibil-
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ity. if any. is greatly reduced at 15 kbar.
It is possible, however, that the immiscihility region is enlarged at high water
ssun s, ;:- suggested by Holgate (1954).
\\ U.OITK. HYALOPHANE, AND PHILLirsiTE
FROM THE HlGHWOOD MOUNTAINS,
Montana

Y s

Nakamura and H. S. Yoder, Jr.

A potash analcite "phenocryst" containing 4.~) wt % K20 was described by
Larsen and Buie (1938) from a "mafic
analcite phonolite,'" Highwood Mountains. Montana. More recent analyses of
analcite show that this high K^O content
in analcite is quite exceptional (Wilkinson,
1968). In addition, experimental evidence
does not support the existence of K-rich
analcite under natural conditions (Fudali,
1963: Peters, Luth. and Tuttle, 1966).
Wilkinson 1 1968) implicity suggested, on
the basis of new analyses of analcite collected from the Highwood Mountains,
that incomplete separation may be responsible for the high K20 content.
The analcite. as well as other minerals
of interest from the original rock speciI iraen and Buie (1938) called this rock
analcime basalt, but Larsen (1941) preferred the
term mafic analcime phonolite because of the
ice of plagioclase. The latter term is used
here, but it should be noted that the composition of this type of rock (Larsen, 1941; Wilkinson, 1968' is not phonolitic but basanitic.

TABLE
SiO,
\ 0
1
K_()

Total

0.04
0.6
0.07

91.4

1.1

•Average of 28 anal} ses.
indard deviation.
!On the to -i- of 6 oxygens.
§ToOil Fe as FeO.

men FBH169, which was described by
Larsen and Buie (1938) and obtained
through the courtesy of Prof. J. B.
Thompson, Harvard University, was analyzed with the electron microprobe. The
composition of analcite does not vary
significantly within grains nor from grain
to grain. The KL»0 content was found to
be as low as 0.39 wt % on the average
(0.20-0.49 wt %, Table 28). The analcite
does not contain BaO. The present data
confirm the conclusion of Wilkinson
(1968) that the substitution of Na by K
is limited in analcite.
Hyalophane occurs as anhedral crystals, which are interstitial to the phenocryst minerals and sometimes surround
analcite "phenocrysts." It includes very
small crystals of augite, apatite, and iron
oxide and is strongly zoned, mainly with
respect to Ba content (Fig. 87 and Table
29) . The cores are relatively homogeneous containing more than 15 wt % BaO,
and are surrounded by narrow rims in
which the Ba content decreases sharply
outward. Similar zoning of hyalophane
was described by Boettcher, Piwinskii,
and Knowles (1967) in porphyritic
trachyte dikes in the Rainy Creek Complex, Montana. Although the Ca content
of the feldspar is low, the correlation between Ca and Ba contents is obvious
(Fig. 88).
Phillipsite, which was also reported by
Wilkinson (1968) from this area, occurs
mostly as aggregates in which radial

0.6f
28. Analcite Analysis

55.2
22.0
0.59
0.03
13.20
0.30

0.5
0.15
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2.034J

¥

Si
Al
Fe
Na
Ca
K

0.955
0.018
0.001
0.944
0.018

2.989
!

0 981

i
*
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Fig. 87. A plot of the Ba, K, and Na contents of tryalophane (atomic %)

TABLE

29. Selected Hyalophane and Ba-Bearing Alkali Feldspar Analyse:
1

Si02
A1208
CaO
FeO*
Na20
K20
BaO
Totals

48.9
23.0
0.57
0.32
2.13
4.64
19.6
99.2
2.573
1.427
0.025
0.017
0.216
0.310
0.403

Si
Al
Fe
Ca
Na
K
Ba
♦Total Fe as FeO.

51.0
22.2
0.52
0.22
2.35
5.97
16.8
99.1

20.1
59.2
0.78
0.07
3.13
8.12
8.14
99.5

Atom Content Based on 8 Oxvgens
2.640
2.852
1.353
1.142
0.021
0.031
0.003
0.011
0.236
0.292
0.497
0.394
0.153
0.340

17.7
65.4
0.91
0.00
2.77
11.8
1.05
99.6
3.015
0.960
0.034
0.000
0.247
0.695
0.014
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+ K. Asa function of Al, it appears that
Si varies with a slope of — 1, Ca varies
with a slope of 1, and Na + K varies
with a slope of —2. These correlations
suggest that there is a substitution of
the type (K,Na)2Si ^± CaAl in which the
charge imbalance may possibly by com-

v;;;

S o.oi0.1

0.2

0.3

Bo on 08

0.4

Fig. 88. The variation of Ca with Ba in hyalophane.

growth oi the mineral is commonly observed. Analyses are given in Table 30
and certain atoms are plotted in Figs. 89
and 90. Analyzed phillipsites do not contain BaO and appear to belong to a Carich variety that occurs in basic igneous
lock-, according to the data compiled by
Galli and Ghittoni (1972). They are
quite distinct from a Na-rich variety that
occurs on the ocean floor (Sheppard,
Gude, and Griffin, 1970) or in altered
silicic tuffs of saline lake deposits (Hay,
1 964 1 . Figure 90 shows that there are
correlations between Al, Si, Ca, and Na

TABLE

SiO
A 10.
CaO
\a 0
K FeO*
0
Tot;,]-

Al
Fe
Ca
Ka
K
•Total Fe as FeO.

pensated bythe introduction of an HaO+
ion. This scheme of substitution, however, may be applicable only to phillipsite formed under limited physical and
chemical conditions. Other schemes of
substitution should be considered to explain the wide compositional range of
phillipsite solid solutions compiled by
Galli and Ghittoni (1972).
In the system NaAlSi04-Si02-HoO
above 5 kbar analcite crystallizes directly
from liquids within a narrow temperature range below about 660 °C (Peters,
Luth, and Tuttle, 1966; Kim and Burley,
1971). Morse (Year Book 67, pp. 115118) has shown that in the system
NaAlSi04-KAlSi02-Si02-H20 at 5 kbar
the primary field of analcite is extremely
limited with respect to both temperature
(660°-635°C) and composition (almost

30. Selected Phillipsite Analyses

46.9
21.9
0.10
5.47
1.04
8.83

46.4
23.4
0.54
6.73
0.36
6.98

84.3

84.4
Atom Content Based on 32 Oxygens
10.34
5.69

10.12

0.03

6.01
0.10
1.57

1.2!)
0.44
2. IS

0.15
1.94

46.5
24.3
7.85
0.04
0.27
5.62
84.6

10.02
6.12
0.01
1.81
0.11
1.54
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Fig. 89. A plot of the Ca, K, and Na contents of phillipsite (atomic %)

on the line Ne72Qz28Kso-Ne52Qz29Ksi9,
close to the analcite-leucite join). The
analcite-bearing rocks from the Highwood Mountains (Larsen, 1941 ; Wilkinson, 1968) do not meet this compositional
limitation. Higher water pressure is not
likely to greatly expand the analcite primary field in the quaternary system if
the K-free ternary system (Peters, Luth,
and Tuttle, 1966; Kim and Burley, 1971)
is analogous. Because of these thermal
and compositional limitations, it is improbable that analcite was the only felsic
phenocryst mineral in the crystallizing
basic magma of the Highwood Mountains.

The mafic mineral phenocrysts in the
specimen examined are dominantly augite
with subordinate amounts of olivine. Neither hornblende nor biotite could be found,
although a few "mafic phonolites" containing small amounts of biotite phenocrysts were reported from this area ( Larsen, 1941). On the other hand, experimental studies on the natural basalt— HoQ
systems (Yoder and Tilley, 1962; Holloway and Burnham, 1972; Helz, 1973)
showed that above 5 kbar hornblende is
always the dominant mafic crystalline
phase at temperatures below 900 °C. Helz
(1973) indicated that the lowest temperature limit for augite coexisting with
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Fig. 90. The variation of Si, Ca, and Na + K

with Al content of phillipsite.

liquid is 860 'C at 5 kbar for several
varieties of basalt-, including the 1801
Hualalai alkali basalt. In more potassic
rocks, biotite may perhaps accompany
hornblende. Because the bulk composition- of these anal cite "phenocryst"bearing rocks are not greatly different
from that of the 1801 Hualalai alkali
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basalt, the mafic phenocrysts in the mineral assemblage in this type of rock are
not likely to be observed if crystallization took place at high water pressures.
It may be concluded, therefore, that the
analcite "phenocrysts" from the Highwood Mountains are not primary crystals
but pseudomorphs of another primary
mineral.
Leucite is a likely predecessor. Barrer
and Hinds (1953) found that leucite and
analcite can be readily formed from each
other by ion-exchange reaction with
aqueous solutions at low temperatures.
Barrer and Baynham (1956) demonstrated that leucite is stable with aqueous
solutions only when KOH is added to the
solutions in excess of the K^O-Al^CV
/?SiOo (n = 3-4) composition. It is thus
suggested that water carrying Na ions
reacted with leucite phenocrysts to form
analcite at a low temperature well below
the solidus.
Phillipsite may have crystallized at the
same stage. Textural relations between
leucite ( = analcite "phenocrysts") and
hyalophane can be interpreted in terms
of the reaction KAlSi2Oc + liquid -»
KAlSiaOg. The felsic components of the
bulk compositions of rocks from the
Highwood Mountains that contain analcite "phenocrysts" actually plot in the
leucite field in the system NaAlSi04KAlSi04-Si02 at 1 atm (Schairer, 1950),
even though Na metasomatism may have
taken place if analcite is indeed a pseudomorph of leucite. The effective action of
solutions was probably limited in time,
temperature, and area because hyalophane survived alteration and fresh "leucite-bearing mafic phonolite" still exists
(Larsen and Buie, 1938). The above discussion does not preclude the possibility
of direct crystallization of analcite from
hydrous magmas at high pressures in the
later stages of solidification. Such a situation may be realized at depth in some
plutonic masses of the more differentiated
magmas.
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Natural and Synthetic Melilite
Compositions
A. El Goresy and H. S. Yoder, Jr.

The akermanitic melilites are important constituents of basic alkaline rocks,
such as melilite nephelinites and olivinemelilite nephelinites, which may be early
cumulates of at least one alkaline magma
trend (Schairer and Yoder, Year Book
63, pp. 65-74). The gehlenite-rich melilites are from metamorphic rocks and
have also been reported from chondrules

in carbonaceous chondrites (Clarke et al.,
1970). The latter melilites are believed
by some (Marvin, Wood and Dickey.
1970; Grossman, 1 972 j to be early condensates from the primordial solar nebula. Because of the great importance of
melilite in the earliest stages of many
penological and cosmological event.-, a
detailed program of electron microprobe
analysis of assemblages in melilite-bearing terrestrial rocks, meteorites, and pertinent synthetic systems was initiated.
Polished sections of melilite nephelinites,

.CaNaAlS^

Ca^ljSiO,

Ca2MgSup7
Ca2Fe SJ207

t

Fig. 91. Compositions of natural melilites (in mole %) in the system CaoAljSiOT-Ca-MgSiiO:
(+ Ca2FeSi207)-CaNaAlSi207. The long bar on the Geh-Ak join represents the composition of Allende melilites. The hatched triangle includes all of the Uvalde, Texas, melilite compositions. The
black and open triangles near the join Ak-Sm represent the Gardiner, Greenland, and Xyiragongo.
Republic of Zaire, melilites, respectively, and the points at approximately GehioAk^Sm;;o are melilites of Oka, Quebec.
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CaNaAlSi207

Cd2MgSip7

CapFeSi^
Fig. 92. Compositions of all analyzed melilites (except those from Allende) plotted in the system CaFeSbOT-Ca.MgShOv-CaNaAlShOr.

alnoites, and related rocks from more
than fifty localities were studied in refleeted Light. Special attention was given
to the textural relationships and composition.- of melilite-perovskite assemblages
and meli lite-bearing rocks containing
both clinopyroxene and phlogopite.
Analysis of Natural Melilites
Yoder (Year Honk 63, pp. 86-89) reported that a significant number of melilites occurring in igneous rocks plot near
the 1 3 soda melilite— 2/3 akermanite
composition and that natural melilites
close to soda melilite are not known.

Sahama's (1967) analyses of numerous
melilites in igneous rocks confirm these
findings. In the present investigation 170
melilites from the following samples were
analyzed: melilite nephelinite from the
south wall of Nyiragango Crater, Republic of Zaire; an uncompahgrite from
the Gardiner Intrusion, East Greenland
(W. Frisch, unpublished data) ; okaite
from Dufresne Hill, Oka, Quebec (Gold,
1966) ; a melilite nephelinite from Uvalde,
Texas (Spencer, 1969); and two white
inclusions from the Allende carbonaceous
chondrite (Clarke et al., 1970). All analyses are plotted on a mole percent basis
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in the compositional diagrams, gehleniteakermanite (+ Fe-akermanite)-soda
melilitc (Fig. 91) and Fc-akermanite—
akermanite-soda melilite (Fig. 92), where
the iron is assumed, as a first approximation, tobe ferrous. Melilite compositions in
the igneous rocks studied cluster close to or
at the akermanite-soda melilite join. The
Oka melilites are characterized by higher
soda melilite and gehlenite components
compared with the Nyiragongo, Uvalde,
and Gardiner Intrusion melilites. It appears that the decrease in the soda melilite component is also accompanied by a

361
simultaneous decrease in the gehlenite
component. This; feature was observed
within the Nyiragongo melilite group, although the trend is not pronounced in
Fig. 91 because the compositional variations fall within the heavily clustered
range of the Nyiragongo and Gardiner
Intrusion melilites.
All melilite compositions from two Tirich fassaite bearing white inclusion- in
the Allende chondrite fall on the gehlenite—akermanite join. All analyzed
Allende melilites were found to be free of
the Fe-akermanite as well as the soda-

Fig. 93. Scanning electron microscope picture of the peg structure in a melilite crystal (pegs are
darker in color than melilite). Nyiragongo specimen No. VM 567.
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Fig. 94. Detail of a peg-rich area from Fig. 93. Silica-rich material in pegs, dark gra}T; melilite,
light sray : Nyiragongo specimen Xo. VM 567.

melilite component. These melilites show
a narrow compositional range between
Gch7vAk22 and Geh ^Ak.v,, although Dr.
Brian Mason (personal communication,
1**74 • in an extended study of numerous
inclusions found a wide compositional
. Geh8oAk2o and Geh3oAk7o.
The Allende melilites are confined to the
Ca-Al rich inclusions and occur in a
unique assemblage consisting of melilite
— Ti-rich fassaite -f >pinel -f- aenigma— anorthite, according to Mason.
Figure 92 show- the compositions of all
analyzed melilites (except those from
Allende) in the compositional diagram
i 2FeSi207-Ca2MgSi207-CaNaAlSi207.

The gehlenite component of a melilite is
expressed by the error of enclosure. The
Ca2FeSi207 component has a narrow
compositional range from 7 to 15 mole %.
Sahama (1967) reported an exceptionally
strong increase in birefringence toward
the margins of the melilite phenocrysts in
certain rocks of the Nyiragongo volcano,
caused by an increase in iron content. His
electron microprobe scans indicate an increase of the FeO content from 5% in the
core to almost 11% at the boundary. In
the present study the Nyiragongo melilites (sample No. VM567) were found
to have an FeO content ranging from 3.5
to 6.0 wt %.
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31. Electron Microprobo Analyses of Kalsilite, Nepheline, and SiOr-Ricfa Material
in Pegs in a Melilite Nephelinite from Nyiragongo (Specimen \o. VM .007;
Kalsilite

Si02
AI2O3

Fe203
MgO
CaO
BaO
Na20
K20
Ti02
Totals

Si
AlMg
Fe
Ca
Ba
Na
K
Ti
Totals

39.3
20.5
10.51
1.15
0.97
3.67
<0.06
24.4
0.06

Nepheline
41.3
31.9
1.52
0.15
0.00
0.00
12.6
11.2
0.06

100.62

98.73

SiOs-Rich Materials
64.9

8.23
6.73
2.22
0.17
0.00
1.59
0.17

4.68'

88.69

Number of Cations based on 32 Oxygens
8.235
8.708
5.356
7.491
0.228
1.754
0.379
0.041
0.000
0.228
0.317
0.000
4.891
0.022
2.835
6.900
0.006
0.011
23.675

23.727

*Fe as FeO.

The Peg Structure of Melilite
Many natural melilites have short oriented zones parallel to the c axis known
as "peg structure" or "Pflockstruktur"
( see Fig. 93 ) . These pegs are considered
to be formed by exsolution (Nurse and
Midgley, 1953, p. 124) or are possibly
filled cracks due to a volume change resulting from a polymorphic inversion
(Yoder, 1973). Studies of melilite with
peg structure in reflected light revealed
that the pegs consist of thin lenticular
bodies of at least three phases with refractive indices lower than that of melilite. Many of the pegs originate from the
outer boundary and wedge out toward
the core of the melilite. Others occur as
lensoid bodies completely enclosed in the
melilite crystal. Many of the melilites
with peg structure studied did not show

the median line reported to be related to
the origin of pegs.
Figure 93 shows a melilite phenocryst
with numerous lensoid pegs of lower reflectivity than the host melilite, and the
detail of a peg-rich area of the same crystal is shown in Fig. 94. The material filling this particular peg consists of at least
two phases: a gray homogeneous phase
and a phase with pronounced cleavage,
perhaps a layer structure mineral. Several melilites in the same sample contain
as much as 40% by volume of this material (Fig. 96). Electron microprobe analyses of numerous pegs indicate the presence of at least three phases. A small
portion of those pegs was found to consist of Ba-rich kalsilite and nepheline
(Table 31), and the major part consists
of a high-Si02 mineral or minerals. The
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3tVi

CARNEGIE

INSTITUTION

Fig. 95. Detail of a peg from melilite crystal shown in Fig. 93. Note the presence of two phases
in peg. one with well developed cleavage. Nyiragongo specimen Xo. VM 567.

ana> - - : the latter probably represent
the composition of a mixture of the two
phases shown in Fig. 95. It was not possible to analyze these two phases separately owing to the extremely small grain
size. The electron microprobe analyses
of this mixture gave low totals, presumably because of the presence of H20. The
major portion of the peg> (except for
kalsilite and nepheline) can. therefore, be
considered as alteration products of melilite. The pegs in Fin. 96 consist entirely
of the >i02-rich alteration product. However, the material is not juanite or cebol-

lite — alteration products of melilite found
in uncompahgrite of Iron Hill. Colorado
(Larsen and Goranson, 1932 1. It is concluded that kalsilite- and nepheline-bearing pegs probably exsolved from a hightemperature akermanite rich in the
soda-melilite molecule and its potassium
analogue and were subsequently altered.
Composition of Synthetic Melilites from
the Join Akermanite-Soda Melilite
The join akermanite (Ak)-soda melilite (Sm) was studied by Schairer,
Voder, and Tilley ( Year Book 64, pp. 95-
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Fig. 96. A melilite crystal with more than 40f<: volume of oriented
Xyiragongo specimen Xo. VM 567.

96. Fig. 17 1. In the study of this join,
difficulties were encountered in the identification ofthe solid phases because of
their small grain size. The composition
of melilite synthesized cannot lie on this

(silica-rich material)

join because diopside solid solutions
i Diss i and wollastonite solid solutions
(Woss) also appeared.
Table 32 lists the experimental conditions for samples that were studied op-

TABLE

32. Composition of Charge along the Join Akermanite-Soda Melilite
Crystallization
Composition
Ak92.sSm7.5
Akso^mis

1170°C, 4 days; 1200T. 4 days
1150CC, 5 days

AksoSm-2 0

i050cC, 5 days; 1000T. 22 days
1150=C, 7 days
1000T, 21 days

Ak 700m 30

Ak62.oSm37.5

Ak55Sm45

peg;

1000=C. 24 days; 1050=C. 242 dayj
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composition AkssSnuc consisted of a very
fine intergrowth of four phases (presumably melilite. nepheline, diopside, and
wollastonite) . Because of the extremely
small grain size, melilite in this charge
TABLE 33 Composition oi Diopside Crystalwas not amenable to electron microprobe
I from Ak,. -Sm,: .-.. 1000° C, 21 Days
analysis, and hence the charge was ex(approximately DiaeCaTssJcU)
cluded from the present investigation. All
Sid
54.2
A 1-0;
other charges contained three phases —
4.31
16.5
melilite, diopside, and wollastonite (opMgO
tical identification only) — demonstrating
25.1
CaO
1.27
that
the
melilites in these charges do not
Xa-0
lie on this join. Only the charge with the
Total
101.38
bulk composition Ak62.5Sm:<7.r> contained
Number of Cations based on 6 Oxygens
Mg
diopside grains large enough to be suit1.926
able for electron microprobe analysis of
Si
0.180
Al
this
phase
without exciting the coexisting
0.876
melilite. The composition of diopside in
Ca
0.954
0.087
Xa
this charge is given in Table 33. The compositions of melilite in these charges
4.023
Total
(other than Aks-.Sn^.-,) are given as solid
CaSi03
tically for selection oi charges with grains
of melilite suitable for electron microprobe analysis. The charge with the bulk

NaAISi04

Ca2MgSi20-

Fig f*7 Composition of synthetic melilite (solid bars) from the join Ca2MgSi207-CaNaAlSi207
in th< system Ne-Ak-Wo.
(Crosses indicate bulk composition of the charges.)
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34. Composition of Charges along the Join Akermanite- Nepheline

Composition
Ak85Noi5
Ak7oNe3o
AksoNeeo
Ak33Ne67
Ak32Ne68
Ak30Ne7o

Crystallization
1050°C,
1000°C,
1000°C,
1000°C,
1000°C,
1000°C,

11
77
88
10
11
13

bars in the system NaAlSi04-Ca2MgSi207CaSiOa (Fig. 97). The length of the bars
indicates the compositional variation of
melilites in the same charge. Yoder (1973,
p. 154) reported that it was possible to
make melilite solid solutions from a composition near Ak to about Ak56Sm44, beyond which the Sm component was repre-

days U25°C, 7 days; 1050°C, 48 days
(lavs 1150°C, 14 davs; 1050°C, 125 days
clays 1050°C, 135 days
days L050°C, 13 days
days 950°C, 13 davs; 1050°C, 13 days
days 950°C, 22 davs; L050°C, 13 days

sented by NeS8 + Wo,s. The present
investigation indicates that the maximum
amount of Sm molecule in melilite is
about 39 wt %, consistent with previous
data. Compositions containing more Sm
are represented by solid solutions of the
four phases akermanite, nepheline, diopside, and wollastonite.

Al
Fig. 98. Ratios of Na, Al, and Mg in synthetic melilites from the join Ak-Sm
join Ak-Ne (triangles).

(circles) and the
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Fig. 99. Titanomagnetite (MAG) with reaction rim of perovskite (Pv), diopside (Di), nepheline (black). The reaction rim separates titanomagnetite from melilite (Mel), uncompahgrite,
:iner Intrusion. Specimen Xo. 2538, supplied by Dr. W. Frisch.

Composition of Synthetic Melilites from
the Join Akermanite-N epheline
The compositions of charges studied
alonLr the join akermanite-nepheline
(Schairer and Yoder, Year Book 63, p.
66. Fig. 7. and unpublished data) are
given in Table 34. Only two charges,
Ak85Nei5 and Ak70Ne3O, consisted of two
3es, Ak
Digs, with sufficiently
ikcrmanite grains for electron
microprobe analysis. The remainder of
the charges contained four phases, presumably solid solutions of Ak + Di +
Wo - Xe in very fine intergrowth.
Onuma and Yagi (1967) reported forsterite among the phases appearing in
charges prepared along this join. In the
present investigation the presence of forsterite could not be verified. The electron
microprobe analyses of Ak in the runs
Ak85Nei5 and Ak7oNe3o indicate that they

do not lie on the join NaAlSi04Ca2MgSi207 because of the presence of
Diss. The akermanites synthesized from
compositions on the join Ak-Ne show an
excess AI2O3 content that cannot be explained by assuming the presence of a
gehlenite molecule because the Ca content does not satisfy the AI2O3 excess.
Because of the acceptable results on the
join akermanite-soda melilite, the excess
AI2O3 cannot be due to soda volatilization
during analysis under the beam of the
electron microprobe. Loss of alkalies may
have occurred during the preparation of
the starting material; however, electron
microprobe analyses of the glasses have
not yet been made. The mole ratios of
Al, Mg, and Na of all akermanite solid
solutions synthesized along the join Ak8m (dots) and the join Ak-Ne (solid triangles) are shown in Fig. 98.
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Phlog

Coppaelite
+ Mel 1 melilitite
Cpxf uncompahgnte
( no Cpx)

Vesbite

Olivine
Melilitite

Ne
Melilite nephelinite
Melilite fasinite
Tasmanite

Fig. 100. Nomenclature tetrahedron for melilite-bearing rocks with and without clinopyroxene
(Cpx) and various proportions of phlogopite (Phlog), leucite (Lc), nepheline (Ne). and forsterite
(Fo).

Melilite-Perovskite Relations in
Melilite Nephelinites
Studies of melilite nephelinites in reflected light revealed that most of the
perovskite in many of those rocks occurs
as reaction rims around titanomagnetite.
This observation prompted a detailed
study of melilite-titanomagnetite-perovskite assemblages in those rocks that
were especially coarse grained. In several uncompahgrite specimens of the
Gardiner Intrusion it was found that all
perovskite present is formed as a reaction
rim around titanomagnetite, the reaction
ranging from incipient to complete. The
microscopic study strongly suggests a
reaction between melilite and titanomagnetite of the type:

3Ca2MgSi207 + 3Fe2Ti04
akermanite

ulvospinel

(in titanomagnetite) + 02 —>
3CaTi03 + 3CaMgSi20G +2Fe304.
perovskite

diopside

magnetite

Titanomagnetite and the outer perovskite
rim are separated from melilite by a rim
of fine intergrowth of diopside + nepheline (Fig. 99). The nepheline may arise
from the breakdown of the soda-melilite
component of the melilite; however, the
disposition of the complementary wollastonite breakdown product has not yet
been ascertained. "Secondary perovskite"
was also reported by Larsen and Goranson (1932) , formed as an alteration product of magnetite from the uncompahgrite
of Iron Hill, Colorado. Mitchell (1972)
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Phlog + Di in Fig. 101A, the principal
assemblage is Ak + Fo -f- Lc in Fig.
101 B. These assemblages are represented
in nature by the rocks coppaelite and
katungite, respectively. In the firstnamed assemblage phlogopite and clinopyroxene are stable. The second assemblage would appear to prohibit the coexistence ofphlogopite and clinopyroxene
in the presence of melilite. The reaction
may be written:

reported similar perovskite reaction rims
around magnesian ilmenite from kimberlites.

Phlogoptie-Clinopyroxene Relations in
} 1 1 1iltie - Bea tin g R ocks
In rocks such as alnoite and coppaelite,
phlogopite and elinopyroxene appear to
\i>t stably in the presence of melilite.
On the other hand, there are related
melilite-bearing rock types where these
two minerals appear to be incompatible.
Some of these rock types, albeit rare, are
illustrated in Fig. 100. The transitional
nature of several of these rock types indicates that caution must be exercised in
assigning stable assemblages. Two sets of
assemblages have been deduced and are
exhibited schematically in Fig. 101A and
B. Whereas the key assemblage is Ak +

Mer

INS T 1 T U TION

Ak + 3Lc + 5Fo + 3H20 ->
3Phlog + 2Di
A preliminary study on the phlogopitediopside system by Kushiro (Year Book
68, p. 247) and a detailed investigation
by Modreski and Boettcher (1973, p. 400,
Fig. 3) indicate that phlogopite and diopside have a wide range of stability of at
least 5-30 kbar. It is suggested that the

Mo

Fo

Mole per cent

Fig. 101. (A) The system larnite (La)-kasilite (Ks)-forsterite (Fo)-quartz (Qz)-H20 illustrating assemblages with coexisting phlogopite (Phlog), akermanite (Ak), and diopside (Di). Wo, wollastonite; Mer, merwinite; Mo, monticellite ; En, en.statite; Sa, sanidine, Lc, leucite. Mole percent.
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Phloq

La

Mo

Mer

Mole per cent

Fig. 101. (B) The system La- Ks-Fo-Qz-H20 illustrating assemblages with Fo-Ak-Lc. Abbreviations as in A. Mole percent.

melilite-bearing assemblage is stable only experimental data at low pressures and
at very low water pressures and at rela- the studies of Gupta (1972, p. 1254, Fig.
tively high temperatures.
Preliminary
8) at 1 atm support this view.
METAMORPHIC
METASOMATISM
METASOMATISM IN RELATIVELY
CLOSED AND OPEN SYSTEMS
Gradients in the Chemical

Potentials

of Volatile Components between
Sedimentary Beds of the Clough
Formation, Black Mountain,
New Hampshire
Douglas Rumble III

Metamorphic petrologists have long
been fascinated by the problem of deducing the thermodynamic properties of the
fluid phase of metamorphic rocks from
the characteristics of the minerals that
compose them. Such studies are essential

PETROLOGY:
AND
KINETICS
in correctly applying experimental data
to the estimation of the P-T conditions of
metamorphism of assemblages of minerals containing volatile components.
Furthermore, the nature of the fluid phase
is critical to the understanding of the flux
of energy and material through rocks
during metamorphism. The presence in
rocks of a freely circulating fluid phase of
uniform properties would drastically
affect the magnitude of heat and mass
transport through the metamorphic
orogen as opposed to the situation in
which circulation of the fluid phase was
so restricted that its properties were effec-

C ARNEG1E

lively controlled by the local mineral

assemblages.

Among the methods that have been applied to the study of the fluid phase oi
metamorphism are (1) chemical potential
diagrams (Korzhinskii, 1959. pp. 80135), (2) experimental calibration of
equilibria between minerals and fluids
(Eugster and Skippen, 1967, pp. 493494 ►, (3) development of the T-Xco.. diagram for treating the interaction of minerals with binary H_>0-COo fluids (Greenwood. Year Book 61. pp. 82-8o) , and (4t
calculation oi the properties of hypothetical fluids using the principles of the
chemistry of electrolyte solutions (Helgeson. 1967 1. The first method generally
yields qualitative information on the
properties of the fluid phase even in the
absence of thermodynamic data. The last
three methods require complete experimental and thermodynamic data for
rigorous application.
The method advocated in the present
study is useful in applications to mineral
solid solutions and deals explicitly with
the effects of minor elements. Information on the behavior of the volatile components constituting the fluid phase of
metamorphism can be obtained with a
minimum of thermodynamic data and assumptions. The method consists of using
the analytical formulation of phase equilibria developed by Gibbs (1876, pp. 96100: d. Morey and Williamson, 1918, and
Morey, 1 936 ► as well as differential equation- expressing the relations between P,
T. mineral composition, and the exchange
potentials of mineral solid solutions to
form a system of linear differential equation- completely describing the equilibria
of a given mineral assemblage (Rumble,
Year Hook 69, pp. 198-202; Rumble,
1973a. pp. 191-193 i.
The plan of this report is first to examine the chemical composition space defined by the mineral assemblages collected from the Clough Formation with
the objective of verifying the attainment
of local equilibrium and, second, to use
the method described above to obtain an
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estimate of the magnitude of gradients in
the chemical potentials of volatile components between adjacent sedimentary
beds. An application of all the methods
listed above to the rocks would likely
lead to enhanced understanding because
the thermodynamic data and the approximations necessitated by lack of adequate
data in using methods 2, 3, and 4 could be
tested against the intrinsic properties of
the mineral assemblages as revealed by
the Gibbs method. This aspect of
the study has not yet been completed.
Method of Study
The rock samples on wdiich this study
is based were collected from outcrops of
quartzite and quartz-muscovite schist of
the Early Silurian Clough Formation exposed on the summit of Black Mountain,
Moosilauke Quadrangle, New Hampshire
(long. 71°55'30", lat. 44°04'30"). The
reader is referred to earlier papers (Rumble, Year Book 69, pp. 290-294; Rumble,
1973a, b) for details on the regional
metamorphism of the area. The outcrop
area is 100 m across; it is assumed, therefore, in the following analysis that P and
T were uniform throughout the area at
any given time during metamorphism.
The data consist of 230 complete chemical analyses of oxide and silicate minerals. In twelve rock specimens two
grains of each mineral present were selected for analysis. Two areas 20 /xm in
diameter located in each of the selected
grains were analyzed with five spot analyses for all elements detectable to the
200 ppm level with the electron microprobe.* Graphical and algebraic analysis
of the composition space defined by the
mineral analyses was accomplished with
* The analyses of silicates were carried out by
T. A. Finnerty, D. Frishman, and E. F. Stoddard, with the assistance of R. E. Jones, in the
Department of Geology, University of California at Los Angeles. F. S. Spear assisted in
the graphical and algebraic analysis of the composition space. This portion of the work was
supported by National Science Foundation
grant GA 31202.
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the Fortran program PROTEUS generously supplied by H. J. Greenwood.
Raw data from the analyses of silicates
were reduced using program CONE
(Boyd, 1969, p. 63) and corrected using
the Bence-Albee method (Bence and Albee, 1968; Albee and Ray, 1970, p. 1410,
Table 1; p. 1414, Table 5). Fe-Ti oxide
minerals were analyzed by the writer on
the automated MAC electron microprobe
(Finger and Hadidiacos, Year Book 71,
pp. 598-600).
Graphical Analysis
Tie lines between coexisting silicate
minerals (Fig. 102) from Black Mountain, New Hampshire, form a network of
cross-cutting intersections when the mineral analyses are plotted on Thompson's

(1957, p. 850, Fig. 4) projection. The
cross-cutting relations could be due to
(1 ) incomplete reaction between minerals,
as in retrogradation, (2) failure of
Thompson's projection to adequately represent the effects of minor component.-, or
(3) violation by the mineral assemblages
of the assumptions used in plotting
Thompson's projection. The first of these
interpretations is not supported by the
textures of the rocks because, apart from
weathering alteration, only one sample
shows the slightest trace of reaction between mineral grains (in this case, thin,
partial rims of chloritoid around staurolite). The second interpretation of crosscutting tie lines is not supported by the
chemical data. Staurolite, chloritoid, and
chlorite from Black Mountain rarely have
more than a total of 1 wt % of compo-

Kyanite
Al20:

+ Quartz
+ Muscovite

HH90

Staurolite

Chloritoid

Garnet

FeO °-90 °-80 °-70

0.60

0.50

0.40

0.30

FeO
FeOMgO mo/ per cent

Fig. 102. Thompson's (1957) projection of selected mineral assemblages from Black Mountain,
New Hampshire. H20 with vertical arrows signifies that H20 is assumed to be a "J" component
(Thompson, 1970a, p. 543).
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+ Quartz
+ Muscovite
+ Kyanite

FeO

MgO

Fig. 103. Projection of silicate mineral assemblages from the ubiquitous minerals quartz, muscovite. and kvanite. onto the plane FeO-MgO-H20. Plotting coordinates are XH20 = (— 2nK20 +
nHsO)/(— 2nK,0 + nH»0 + nFeO + nMgO) andZFeO = nFeO/(-2nK20 + nH20 + nFeO +
i MgO), where ni = number of moles of i in mineral formula.

aents in addition to those included in
Thompson's projection. Garnet contains
up to 8 wt % of additional components.
The third interpretation, that the assumptions used in drawing Thompson's projection are violated by the mineral assemblages, can be tested by graphical
analysis of their composition space.
Three assumptions are involved in
drawing Thompson's projection: that
quartz and muscovite are always present
in the assemblages represented and that
the value of /tH,o defined by the projected
mineral assemblages was uniform from
rock to rock. The first two of these assumptions, that quartz and muscovite are
present in all assemblages, is satisfied by
all the rocks. The third assumption is
not necessarily true for the rocks, and it
can be tested by projecting the composition space so that H20 is retained in the

representation polyhedron. The mineral
compositions in kyanite-, quartz-, and
muscovite-bearing silicate assemblages
can be projected from the compositions of
the listed ubiquitous minerals onto the
plane FeO-MgO-H20. Crossing tie lines
are eliminated by this projection (Fig.
103). It is more useful to perform a
quartz, muscovite, staurolite projection
because eleven of the rocks are staurolitebearing whereas only seven of them are
kyanite-bearing. Unfortunately, the appearance ofthe resulting phase diagram
(Fig. 104) is unconventional because the
tie lines to and from kyanite behave as
do those to and from K-feldspar in
Thompson's (1957, p. 847) muscovite
projection. Nevertheless, Fig. 104 shows
the important result that crossing tie
lines are eliminated when H20 is included
in the representation polyhedron.
Fig-

GEOPHYSICAL

371

LABORATORY

ures 103 and 104 demonstrate that the
most likely interpretation of the crossing
tie lines shown in Thompson's projection
is that the values of /xh2o defined by each
mineral assemblage varied significantly
from rock to rock. On the basis of the
disposition of tie lines in Fig. 104, it can
be inferred that the most Fe-rich quartzmuscovite - staurolite - ky anite - chloritoid
assemblage was metamorphosed at the
highest value of /ah2o, the assemblage
quartz - muscovite - staurolite - chloritoid chlorite-garnet recrystallized at the lowest value of juhoO, and the other assemblages were metamorphosed at intermedi-

ate values of //Hvo (cf. Butler, 1909. p.
94, Fig. 24).
To complete the demonstration that
the Black Mountain assemblages; attained local equilibrium, it is necessary to
consider the Fe-Ti oxide minerals; that
occur in contact with the silicate assemblages described above. Of the eleven
staurolite-bearing assemblages, eight also
contain magnetite. The compositions of
minerals in the system K20-Al2Oo-SiO^FeO-MgO-Fe203-Ti02-H20 can be projected from the compositions of the ubiquitous minerals quartz, muscovite,
staurolite, and magnetite into the tetra-

+ Quartz

Chloritoid

+ Muscovite
+ Staurolite

mo/ per cent
Fig. 104. Projection of silicate mineral assemblages from the ubiquitous minerals quartz, muscovite, and staurolite onto the plane FeO-MgO-H»0. Staurolite composition taken to be that of Fe
end member for purposes of projection. Plotting coordinates are JH;0 = (— 5/3nKaO —
l/9nAl203 + nH20)/(-l/3nK20 - 5/9nAl203 +nH20 + rcMgO + nFeO) and XFeO = (4/3
nK20 - 4/9nAl203 + nFeO)/(-l/3?iK20 - 5/9nAl203 + nH20 + nMgO + nFeO). where ni =
number of moles of i in mineral formula.
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H?0
+
+
+
+

Quartz
Muscovite
Staurolite
Magnetite
Apex is Ti02
llmenite
Z-- Chloritoid
3=Kyanite
5= Chlorite

'FeO
MgO

MgO

'Fe

mo I per cent

Fig. 105. Projection of silicate and oxide mineral assemblages from the ubiquitous
quartz, museovite. staurolite. and magnetite into the tetrahedron FeO-MgO-HoO-TiO-.
lite composition taken to be that of Fe end member.
Plotting coordinates are JH20 =
- KaO - 1 9»AUOa + bH£»/(— l/3wK»0 - 5/9nAla03 + »H20 + nFeO + nMgO +
XT( 0 = U/3hK»0 - 4/9»Al,0, + »FeO)/(-l/3«K20 - 5/9wAl2Oa + nH20 + nMgO
- riTiO,),
A"Ti02of =moles
>*Ti02/(-l/3/*K20
- 5/9nAl20s + »H20 + nMgO + nFeO +
where
ni = and
number
of i in mineral formula.

hedron HoO-FeO-AIgO-Ti02 ignoring
minor components such as Mn and Zn.
Figures 105 and 106 once again show the
absence of crossing tie lines between the
Black Mountain assemblages. The unconventional appearance of Fig. 106 is
due to the presence of two minerals, kyanite and titanhematitc. that behave as
K- feldspar does in the Thompson projection. In these diagrams, ilmenites richer

minerals
Stauro(—5/3
nTi02),
+ wFeO
nTi02),

in Fe203 plot nearer to the Ti02 apex
than those that are poorer in it. According to the experimental work of Buddington and Lindsley (1964, p. 314, Fig. 3),
increasing content of Fe203 in ilmenite in
equilibrium with magnetite at constant
temperature measures an increase in /x0o.
Thus, Figs. 105 and 106 portray the positive correlation between the Mg/(Mg +
Fe) ratio of silicates and the value of /xo.,
mo I per cent
Staurolite
+ Quartz
+ Muscovite
+ Magnetite
Apex is Ti02
i= llmenite
2= Chloritoid
3* Kyanite
4* Titanhematite

MgO

Fig. 106. Projection of silicate and oxide mineral assemblages from the ubiquitous minerals
quartz, muscovite, staurolite, and magnetite into the tetrahedron FeO-MgO-H20-Ti02. Plotting
coordinates as in Fig. 105.
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defined by coexisting Fe-Ti oxide minerals long known in metamorphic rocks
(Chinner, 1960; Mueller, 1960).
Graphical analysis of the Black Mountain assemblages demonstrates the absence of crossing tie lines between assemblages. This evidence, together with the
lack of textural reaction relationships,
implies that the rocks attained local
heterogeneous chemical equilibrium during metamorphism. The disposition of
measured tie lines (Figs. 103-106) suggests that there were gradients in fxo.,
and fxu^o between sedimentary beds during metamorphism. The foregoing
graphical analysis is inadequate to deal
with the effects of minor components such
as Mn and Na because the three available dimensions have already been exhausted in representing the major components. The effect of the presence of
minor components is to confirm the hypothesis oflocal equilibrium, for the minor
components are partitioned systematically
between the minerals. It is not clear
whether the behavior of the minor components supports or negates the hypothesis that gradients in /xH.,o and /xo2 existed
between adjacent sedimentary beds during metamorphism. The following section presents an algebraic analysis that
verifies the existence of the. gradients and
provides an estimate of the magnitude of
the gradients while taking into account
the effects of minor components.
Chemical Potential Gradients
To verify the existence of the gradients
in /XHoO and fxo0 between sedimentary beds
and to estimate their magnitude, it is
necessary to derive partial differential
equations giving the variation of /xHoo or
/xo2 as an isothermal, isobaric function of
mineral composition. Such equations may
be derived by considering systems of
linear differential equations consisting of
a Gibbs-Duhem equation for each phase

0 = SAdT - VAdP + XltA(dm - dnj)
+

X2.A(dn2

—

d/JLj) +

. . . +

dfJLj,

together with such conditions of equilibrium as are needed to eliminate dependent components
0 = aid(fjLi) + a2d(fi2) +

. . . + ajd{kik),

for each dependent component k where
the di are the coefficients of the stoichiometric relation between the components
1, 2, ... k (Gibbs, 1876, pp. 96-100). To
these equations may be added relations
obtained by differentiating the quantities
(fxi — fxj) for a given mineral as a function of P, T, and Xi>A, where Xi>A signifies the mole fraction of component i in
phase A
d(jjn - Mi), = - (&,i - SjtA)dT +
{Vi,A - Vj<A)dP + Gl{,AdX{,A + . . . +
Gi(j—D , AdX(j-i) , A

(J. B. Thompson, class lectures, Harvard
University) where Gn>A is the principal
curvature of the molar Gibbs free energy
of mineral A with respect to the mole
fraction of component i, and Guj.lKA is
the cross-curvature of the molar Gibbs
free energy of mineral A with respect to
the mole fraction of components i and
(j — 1). The variance of the resulting
system of equations is equal to the variance of the mineral assemblage obtained
by application of Gibbs' phase rule. For
trivariant systems (eq. 1 below) one need
merely set dT = dP = 0 and use
Cramer's rule (Aitken, 1939, pp. 55-56)
to obtain an equation for the isothermal,
isobaric variation of /zHoo with XiA.
Consider the mineral assemblage
quartz - muscovite - staurolite - chloritoid chlorite and assume that the mineral
compositions all lie within Thompson's
(1957) model pelitic system (K20-Alo03Si02-H,0-FeO-MgO). The assemblage is
trivariant. Thus, using the method described above, the following equation
may by derived:
dMH2o\
dAi.ch/ Pi T
(

— Grn,ch(90Xi,ch ~h -18X2, st —
138X3.ct) 414,

(1)
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component 1 = FeaAleSisOao
(OH)ie; component 2 = Fe4Alis$is04sHo;
component 3 = Fe.jAUSi-OioiOHVt ; subscript eh refers to chlorite; st, to staurolite: and ct, to chloritoid. The quantity
:, is equal to the curvature of the
molar Gibbs free energy of chlorite with
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tion 1. Because the Mn content of chloritoid and the Ti content of muscovite are
relatively constant in the assemblages, it
is justified to set
^AAi„.,Ai,si,o10(oii),<(.( = 0 and
tfAV\i,Ti;!o10ioii)., mu = 0.
Therefore,

respect to A"i ,(.h at the P and T of interest:
Gn.ch

=

[dHjeh

BXl.cti)p,T>

(2)

According to electron microprobe analyses of coexisting minerals, the coefficient
of Gn. ch in equation 1 is negative. The
term Grn,Ch is necessarily positive for a
stable binary solution (Prigogine and
Defay. 1954. p. 242. eq. 16.20). Therefore, the left-hand side of equation 1 is
negative, a result that is in accord with
the relative differences in jaHoO inferred
from the disposition of tie lines in Fig.
104.
Equation 1 is useful for verifying the
agreement between results of the Gibbs
method and the inferences drawn from
the disposition of tie lines in Fig. 104, but
it is not a good model for the quartzmuscovite - >taurolite - chloritoid - chlorite
ssemblages of Black Mountain. In const to Thompson's (1957) model pelitic
- stem, the minerals ilmenite and magnetite are present in the assemblage. Furthermore, the chloritoid and ilmenite of
these a>semblages contain small, relatively constant amounts of MnO. The
staurolites contain Ti and exhibit solid
solution behavior of the type 3R2+ =
2R3*. The muscovites contain the additional components Na, Mg, Fe2+, Fe3+ and
small, relatively constant amounts of Ti.
The assemblage requires ten system components—K20, AU),. Si02, FeO, MgO,
H2( >, Ti02, Fe203, MnO. and Xa20— but
there are only seven minerals; thus, in
addition to holding P and T constant, one
must set the differentials of two additional unknowns equal to zero in order to
obtain a unique solution similar to equa-

(3)

I

-207(733.et(£)
= (7u.ch[c734.ct(A+B2+c733.ct(C+D)1*
* A = (X6, i + X(, 0(138X4, ct) (16X7, st +
1.5Xs, st +23)
B = 192X7. 8t (11.5Xo. i - 5.75X4, ct)
C = (X,. 1 + Xo. 1) [-24X8, .t (37.375 +
17.25Xi.ch - 8.625X.-,, ct) +
23(138X3, ct - 90Xi, cu - 48X2, st 48X7,8t) +384X7,8t (11.517.25X1,cll + 5.75X3, ct)l
Z)=192X7,st (17.25Xi.ch- 11.5X6( 1 11.5- 5.75X.3, ct)
E = (Xr„ 1 + Xo, 1) (46 - 160X7, 8t 7X8lSt) +80X7,st

The subscripts 1, 2, 3, ch, ct, and st have
the meaning given above. In addition,
component 4 = Mn2Al4Si2Oio(OH)4;
component 5 = FeTi03 ; component 6 =
MnTiOH; component 7 = Fe4Al18Ti8048
H2; component 8 = Fes^oAlis.sSigCUgHa ;
component 9 = KAl3Ti3Oio(OH)2; subscript Irefers to ilmenite, and mu, to
muscovite. The quantity
Gil, eh = [d2Gch/dXlt (.h2]p! T, x4 ct,
Gs3,ct = [d2Gct/dXHH2~\p>T>x4ct,
and

Gsi, ct = [(d2Gct/dXstCt)p
dX^),T,x4
)Ct 3ctCt]pfT,x
A similar equation can be obtained
for the variation of /xo,, with XFeTio3
subject to the constraints riXMnTi0„ =
r^KAl3Ti301()(OH)2 —

0.

\dX6,i/ptT,xQfI>z^mvi
= — t)(Xs,jGbb.i + Xt,iGu,i)

(4)
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TABLE 36. Calculated Differences in poa and
fjLH2oA/between
Mineral Assemblages, keal
xo2

where

Ld*Vi/dXs,-?ir,T,XttJ

(71-62R)-(71-60E)

and
GW I

-10.40

-

0.45

500°C

[O^/flX,,,),,,.,,.,

-- 1 0.
1 .85
51

600°C

dXC)ti]p,T
*5.I"

Provided the P and T7 of metamorphism
were known and the equations of states of
the minerals had been measured, the integrated forms of equations 3 and 4 could
be used to calculate the differences in /xo2
and /xH.,o between mineral assemblages.
Unfortunately, the P and T of metamorphism are not known with accuracy,
and the equations of state of most of the
minerals have not been measured. To
obtain estimates of the magnitude of the
/ah„o and ju-Oo differences the following assumptions have been made: (1) the metamorphism of the Black Mountain rocks
took place at a temperature between
500° and 600°C; (2) the components of
the mineral solid solutions mix ideally.
If ideal mixing is assumed, it is possible
to evaluate the curvature terms because
G\\, ch — 9 RT /(X i, ch ~ ^J.eh2),
^33. ct = 2 RT(1
— X4,ct)/
[(1 — ^3,ct — X4,ct)\Xz,ci)] i

and
£r34,ct

= 2 RT/(\

—

X3,ct

—

X4,ct),

and similarly for G55.i and G56, i. The
results of the calculations for two of the
Black Mountain assemblages (Table 35)
TABLE

35. Chemical Compositions of
Minerals, mole %
Sample
71-60E

-Xi.ch
X2, St

Xr, st

^8,st

^3,ct

Xi,ct
Xs.I
Xz,J

0.593
0.086
0.013
0.817
0.854
0.026
0.901
0.022

Sample
71-62R

are given in Table 36. The estimated
difference in fio., is greater than that in
/*h.,o by a factor of approximately 20.
The validity of the estimates of A/j.f)v and
AjuH„o may be evaluated by comparing
the differences in fio2 presented in Table
36 with the magnitude of the difference in
fxo., estimated for the mineral assemblages
by comparison with Buddington and
Lindsley's (1964) experiments. Since
their experimental system did not incdude
MnO, the mineral analyses of Table 35
are recalculated on a MnTi0.3-free basis
for comparison with the experiments. The
recalculated values of XFeTio3 for samples
71-62R (XFeTio3 = 0.98) and 71-60E
(XFeTio3 — 0.92) correspond to the compositions ofilmenite in equilibrium with
magnetite and the wustite-magnetite and
nickel— nickel oxide buffers, respectively,
on the basis of comparison with Fig. 3 of
Buddington and Lindsley (1964, p. 314)
at 600 °C. These buffers differ in p.0, by
approximately 24.0 kcal at 600 °C and 4
kbar, a value in fair agreement with the
estimate given in Table 36.
From the form of the expression for the
chemical potential of a component in an
ideal solution, /x/ = /x/° + RT In X*, it
may be seen that a fluid phase consisting
of mostly HoO (XH.2o = 0.75-1.00) with
vanishingly small amounts of Oo (X0., =
10-2o_iQ-25) could match the estimated
/xH.,o and ju.o, differences by a variation of

-00.686
.074

0.25XH„o and of 10~20Xo, in its composition. Such behavior of the fluid phase is
in accord with the results of calculations

0.013
0.999
0.886

showing very large variations in /ko9 associated with small variations in yuHoo for

0.014
0.952
0.027

H20-rich fluids in equilibrium with various oxygen buffers (Eugster and Skippen.
1967).
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Algebraic analysis of the mineral assemblages confirms the existence of j*h2o
and uo. gradients between adjacent sedimentary beds. Therefore, neither 11-0 nor
Oj was a "perfectly mobile" component
fKorzhinskii, 1959, p. 16) or a "J" component (Thompson, 1970(7, p. 543) during
the metamorphism recorded by the Black
Mountain mineral assemblages. Evidently, circulation oi the fluid phase was
restricted sufficiently by the low permeability oi the quartzites and quartz-muscovite schists during recrystallization so
that the properties of the fluid were controlled in each sedimentary bed by the
.1 mineral assemblage.
Solubility Constants in the System
MgO-Si02-H20-HCl
./. D. Frantz
Many mineral associations are the
products oi a complex series of irreversible reactions that include dissolution,
diffusion, nucleation. precipitation, and
phase transformation. A dispersed phase
—cither a grain boundary film or a physically separable liquid, fluid, or gas phase
—participates in most of these reactions
as the principal transfer medium. Metamorphic penologists have been concerned
for many years with such reactions, most
iitly to understand reaction mechanisms and the effects of metasomatism
iCarmichael, 1969; Korzhinskii, 1970;
Hofmann, 1972; Fisher, 1973). Natural
assemblages yield abundant evidence for
supersaturation, for the persistence of
metastable phases, and for the existence
of >inall-scalf and large-scale activity
gradients, which indicate that one set of
equilibrium conditions does not normally
nd over an entire rock unit. The Conor local equilibrium (Thompson,
1959'. on the other hand, has been very
useful in the interpretation of mineral
zones and mineral associations, and most
model- for infiltration and mass transport
based on this concept. Hence a satisfactory understanding of the irreversible
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processes cannot be achieved unless local
equilibrium conditions are quantitatively
understood first.
Experimental studies have been very
valuable in defining these conditions, but
most of the studies have been concerned
principally with hydration-dehydration,
carbonation-decarbonation, and redox
equilibria. The dispersed phase participating in metamorphic reactions is more
complex than a mixture of gases. It is a
solution, which also contains ionic species, salts, acids, and bases (Helgeson,
1967; Carmichael, 1969; Eugster, 1970;
Fisher, 1970). Solubility constants of the
common minerals in such a solution are
therefore essential. With the development
of the acid-base buffers (Frantz and
Eugster, 1973) it is now possible to measure such constants in solutions other than
pure water. In the system MgO-Si02FL.O-HC1, solubility constants have been
obtained for periclase and brucite in
chloride solutions (Frantz and Eugster,
1974, Table 5). Direct experimental
values are unavailable for serpentine,
talc, and forsterite. The equilibrium constants are available, however, for the following equilibria (Frantz and Eugster,
1974, Table 5) :
1/3 Mg8Si4Oio (OH), + 2IIC1 <=±
4/3 SiO^H- MgCl2 + 4/3 H20,
quartz

Ki=

[aMgci2/(aH2o)4/3(aHci)2]; (1)

4/5 Mg2Si04
+ 2HC1 ^>
forsterite
1/5 Mg3Si4Oio(OH)2 +
MgCl + 4/5 H2(),
K2=

[aMg0i2(aH2o)4/5/(aHci)2]; (2)

2/3 Mg3Si205(OH)4
+ 2 HC1 <=*
serpentine
1/3 Mg,Si4Oio(OH)2 +
MgCl, + 2H2(),
K3 — [aMgoi2 («n2o) V (aHci) 2] ; (3)
2Mg2Si04 + 2HC1 + H20 *±
Mg3Si206(OH)4 + MgCl2,
K4=

[aMgoi2/(aHci)2(aH2o)].

(4)
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The solubility of talc is calculated with
the above information and the hightemperature and high-pressure studies of
quartz solubility by Kennedy (1950),
Anderson and Burnham (1965), and
Weill and Fyfe (1964). If ideal mixing
of all aqueous species occurs, quartz may
be eliminated from equation 1 by adding
to it the following equation representing
the solubility of quartz:

[(WH4Si04(aq))1/2(WMgCl2)/^HCl2]

quartz

[mH4si04(aq))/(%2o)2].

(5)

The reaction expressing the solubility of
talc in chloride solutions is then:
1/3 Mg3Si4Oi0(OH), + 2HC1 + 4/3 H20
<=* 4/3 H4Si04 + MgCl,, (6)
K6 = (AV/3^i)
4/3
^H
4SiOj

[mMgoi.

(aH.,o)4/V(mIIC1)2]

where m^sio^ is the molality of hydrated
silica in the aqueous field. EUSiO^ was
chosen as the most stable aqueous silica
species owing to its prevalence at lower
temperatures and pressures (Fournier
and Rowe, 1966) . The absence of Si-Mg
complexes is assumed. The standard state
of the silica complex is a hypothetical
1-molal solution at the temperature and
pressure of interest.
In a similar manner, one can calculate
the solubilities of serpentine and forsterite (at temperatures above the stability

TABLE
Solid Phase
Talc

1/2 Mg2SiQ4
+ 2HC1 =
forsterite
1/2 H4Si04raq, + MgCl2,
A'7= [AY/5#21/3]15/8 =

SiO, + 2H20<=± H4Si04(aq),
K5=Z

of serpentine) using the previously calculated solubility of talc. Elimination of
talc from equations 2 and 6 and from
equations 3 and 6 gives the following
solubility expressions for forsterite and
for serpentine in chloride solutions:

1/3 Mg3Si205(OH)4 + 2HC1 = MgCl, +
2/3 H4Si04 + 1 3 H,0.
K8 = [K,K,] 1/2 =
gCU

"
(mMgCi9 ) (mH4sio4(aq)) 2/3 K2o)4/3 J(8)

The solubility of(mforsterite
at temperaHd)2
(9;
tures at which serpentine is stable can be
calculated, eliminating serpentine, by
combining equations 4 and 8
1/2 Mg?Si04 + 2HC1 =
MgCl, + l/2H4Si04,
Kd= [A4AV]1
Solubility constants, calculated in the
above, for 1000 bars pressure are pre/4
sented in Table 37. The activity
of H20
was assumed unity.
Such calculations, however, are susceptible to error because they involve the
combination of errors associated with
several experimental
determinations
of

37. Calculated Solubility Constants, 1000 bars pressure
Reaction
400
440

T, °C
480

Forsterite

Serpentine

\ (7)

520
600
400
440
480
520
600
400
440

2.041
1.586
-0.508
1.018
0.479
Log A'

4.227
3.496
2.774
2.105
0.610
3.725
3.163
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equilibrium constants. Thus, it is essenexperimental
tial to gather additional
calculathese
cheek
to
data with which
tions. Direct solubility experiments involving determination of the concentrations of MgCl2l HCL and H4Si04 are not
easily accomplished over most of the
temperature-pressure range because of
the limited experimental range in which
the A.g-AgCl buffer can be used (Frantz
and Eugster, 1974 1. An alternative approach would be to measure concentrations oi silica in equilibrium with mineral pairs. These determinations, combined with the measurements of [wiMgcu/
I r»nci I~] for the same mineral pair, yield
solubility constants for both minerals.
Consider the following reaction involving
talc and forsterite:
2Mg Si4Oio(OH)2 + 8H,0
talc

(10)

3Mg2Si04 + 5 H4Si04(aq)
forstei He

Combination with reaction 2 yields the
solubilities of talc (6i and forsterite (7).
The approach would then serve as a
check on the previously calculated solubilities
Experimental and Analytical Techniques
Experimental runs consisted of approximately 50 mg of solid starting material.- and 60 //l distilled water in a
sealed gold capsule, 2.6 mm in internal
diameter and 4 cm long. The talc and
forsterite starting materials were synthesized from oxide mixes at 650°C and
2 kbar. Serpentine was hydrothermally
synthesized at 475' C and 2 kbar. The
experiment.- were run in rapid-quench
pressure vessels, which could be cooled
from the experimental temperature to
room temperature in less than 5 seconds.
Temperature (± 10' (1) was measured using
chromel-alumel thermocouples calibrated
with ice water, boiling water, and the
melting point of NaCl. Pressures were
measured (±10 bars) using Heise gauges
Solid products present after quenching
were x-rayed and examined optically.

1 X S T 1TUTI0N

Approximately 40 jA of fluid, containing suspended material and supersaturated with respect to amorphous silica,
was extracted from the run after quenching using an iridium pin to puncture the
capsule. The suspended material was
separated from the solution by filtration
with a Flath-Ludin filter syringe and
0.45 //in filter paper. Separation by centrifuging, a technique used in runs in
which solutions were analyzed for magnesium (Frantz and Eugster, 1974), was
not employed because of the tendency of
the supersaturated solutions to precipitate. Next, a portion of this solution was
diluted ten-fold with a 1 N NaOH solution using a 50 jA gas-tight syringe fitted
with a Teflon tubing tip. This procedure
prevented any further precipitation of
the supersaturated silica solution because
the solubility of amorphous silica goes
up exponentially in basic solutions.
The most widely accepted method for
analysis of silica in aqueous solutions
uses ammonium molybdate to form silica
molybdate complexes that have absorbance in visible light. Reduced complexes
(using a reducing agent such as Na^SO.O
absorb blue light; unreduced species, yellow light. Absorbances, and therefore
relative silica concentrations, are determined on a standard colorimeter with
constant volume cells, wrhich normally
require 1 /xl or more of solution. For the
present study, a microanalytical technique for dissolved silica was developed
by Frantz and Hare (Year Book 72, p.
704), which utilizes a continuous flow
system in which the absorbance of silica
molybdate complexes is measured in a
flow-cell colorimeter.
Experimental Results
The following equilibrium was investigated at 1000 bars pressure between 475°
and 600 °C:

2Mg3Si4Oio(OH)2 + 8H2() <=>
t3Mg2Si04
+ 5H4Si04(aq),
forsterite

(10)

acq
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with the concentration constant {K') :
K\{) = (mH4si04)5,

in which XH2o is assumed to be unity and
^h sio4 is the molality of aqueous H4Si04.
In Fig. 107 the results are plotted on a log
versus T°C diagram.
?^H4sio4
The talc-forsterite
data tend to lie
below the theoretical line, calculated on
the basis of solubility of quartz. A line
drawn through these data is approximately parallel to the calculated talcforsterite line. The difference in molality
of H4Si04 between the two lines is about
0.003, which lies within the error of calculation. The agreement supports the
calculated solubility constants for talc
and forsterite in the region from 475° to
600 °C at 1000 bars pressure. The experiments also reinforce confidence in the
equilibrium constants obtained in Frantz
and Eugster (1974). Reversals were accomplished by initially running some
experiments at 650°, 1 kbar, before dropping to the desired temperature for the
duration of the run. The experiments

were reversed within a W/c analytical
and experimental error.
The solubility of quartz (runs Q-l,
Q-2) was determined to compare the results of the present experimental and
analytical methods with those of the crystal weight-loss method employed by
Weill and Fyfe (1964). Agreement was
excellent. For 400° and 500°C (1000
bars), respectively, the molality of
H4Si04 in this study was 0.034 and 0.039
as compared with 0.028 and 0.040 obtained by Weill and Fyfe ( 1964) .
Also presented in Fig. 107 are the results of Poty, Holland, and Borcsik
(1972) at 500° and 1000 bars pressure.
Their values of Wh.sio,
from two runs
4
4
containing talc and forsterite are significantly lower than those in the present
study. Their lower values and the scatter of their data may indicate precipitation of silica during their quench, which
was over 2 minutes in duration.
Conclusions
Because of the agreement between the
calculated talc-forsterite curve in Fig.

-I.Or
QUARTZ

T

o
-J

SATURATI.

£-2.0
-3.0

-4.0

Fig. 107. Concentration constants as a function of temperature at 1000 bars for the assemblages
talc-quartz, talc-forsterite, talc-serpentine, serpentine-forsterite. and brucite-forsterite. Solid lines
represent calculated concentration constants. Filled diamonds represent reversed experimental
values (open diamonds, nonreversed) for the talc-forsterite-solution equilibrium. Dots indicate data
of Poty, Holland, and Borcsik (1972) for the same reaction. Crosses represent quartz solubility
measurements.
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Fm. 108. A log Wh4sio( versus log [mMgcio/(mHci)2] chemical potential diagram showing the
possible fluid compositions that can coexist with quartz, talc, serpentine, forsterite, and brucite at
400 rC. 1000 bars pressure.

107 and the foregoing experiments, the
solubility constants presented in Table
37 are considered valid. A summary of
the data at 400°C and 1000 bars is given
in a log mii( ski, versus log [mMgCi2/
(mHci)2] section presented in Fig. 108.
Sufficient data concerning the composition of solutions in equilibrium with minerals in the Mg()-Si02-H20 system are
now available to calculate theoretical
t ran -port models based on the local equilibrium principle. The following section
demonstrates the use of such data in the
prediction of the zone sequences and
thicknesses of metasomatic columns produced by intergranular diffusion.
Metasomatic Zoning Resulting from
[ntergranulab Diffusion :
A Theoretical Model
./. h. Frantz and //. K. Mao
The initial stages of progressive metamorphism of igneous rocks and sediments
normally involve large changes in bulk
composition
(especially H2Oj
as fluids

are driven off during compaction. With
the expulsion of the bulk of this fluid,
changes in most metamorphic bodies are
considered to be isochemical, resulting
mainly from variations in temperature
and pressure. There is evidence, however,
that chemical potential gradients do exist
in many such rock bodies. Carmichael
(1969) and Fisher (1970) have shown
that microscopic gradients often exist between neighboring minerals or mineral
groups owing to temperature- and pressure-induced reactions among the solid
phases. Megascopic gradient systems are
evidenced by the formation of skarn deposits due to the emplacement of igneous
intrusions and by variations in the bulk
composition of the original sediment. The
extent to which the paragenesis of a rock
is determined by the existence of chemical potential gradients depends upon the
rates of change in temperature and pressure in addition to the magnitude of material flux. In cases of rapid change in
temperature and pressure coupled with
slow transport of material along gradi-
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ents, bulk compositions remain relatively
constant and mass transport plays a very
small role in the metamorphic evolution
of the rock. With higher relative rates
of material transport, however, the history of the rock body is commonly dependent on the mechanism of transfer of
matter.
An aid to the understanding of natural
transport processes occurring by intergranular diffusion in multicomponent systems is a model by which the sequence
and thicknesses of natural metasomatic
reaction zones can be quantitatively predicted using data from laboratory experiments. With the growing interest in the
experimental determination of mineralsolution equilibria, it is now possible to
accurately calculate concentration gradients within many rock systems under
metamorphic conditions. Solutions of
Fick's laws of diffusion, however, require
knowledge of porosity, tortuosity,* and
diffusion coefficients, in addition to concentration gradients. The present approach isto develop a general model for
calculating zone thicknesses, utilizing all
the above variables, and then to make
quantitative calculations based on the
concentration gradient data available at
present. The applicability of these calculations to natural systems would then
depend on the relative importance of (1)
differences in the diffusion coefficients of
the aqueous species and (2) changes in
porosity and tortuosity, factors neglected
in the present calculations.
An extremely helpful assumption in
any theoretical treatment of transport
processes is the "local equilibrium" hypothesis (Korzhinskii, 1959; Thompson,
1959). The principle states that certain
large systems not in equilibrium because
of gradients in intensive parameters can
be approximated by a series of small subsystems, each of which may be treated as
an equilibrium system. Using this hy* Tortuosity is a factor correcting for nonlinearity of diffusion path.

pothesis, Thompson (1959j demonstrated
that in subsystems in which aqueous
species are mobile, only on% mineral
phase can exist with the intergranular
fluid in a given reaction zone.
Because one of the purposes of this
model is the prediction of relative
thicknesses of zones, changes in rock volumes due to mineral replacement must
be considered. Intergranular transport
in constant volume systems in which local
equilibrium exists is likely only if reactions involve reduction in solid volumes
or if sufficient porosity exists to accommodate any solid-volume increases
(Frantz and Weisbrod, 1974). In the
foregoing model, both solid- volume and
porosity changes are variables making it
applicable to systems involving increases
or reductions of total rock volume. A
similar model has been utilized by Weer,
Stevens, and Eugster (in preparation) in
dealing with the Th
hydrolysis of feldspars.
eory

Fick's first law is a hypothesis stating
that "the rate of transfer of a diffusing
substance through unit area of a section
is proportional to the concentration gradient measured normal to the section"
(Crank, 1970). Consider diffusion
through a static pore fluid in a rock:
(3'zDi(dci/dx)t,
(1)
Diff.

where Jt is the rate of transfer of aqueous
species i through the pores of unit cross
section of rock; ct, the concentration of
species i in the fluid; x, the space coordinate measured normal to the section; D,.
the diffusion coefficient of species i: r. the
tortuosity factor; and /3, the porosity.
The diffusivity of aqueous species i is
assumed to be unaffected by the presence
of other species in the fluid. By combining equation 1 with the Law of Conservation of Matter, one can calculate the rate
at which an aqueous species is lost or
gained, with respect to time, from the
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intergranular fluid. Steady-state concentration profiles between
slow-moving
sinks and sources (zone boundaries) are
ssumed.

common phase, causes additional precipitation of that solid. Consider the effect
oi a 1:1 mixture of solutions p and q,
which are both in equilibrium with phase

Within a metasomatic column produced by intergranular diffusion of
aqueous solutes under conditions of local
equilibrium, production and loss of solid
material due to chemical reaction occur
both at the zone boundaries and within
the monomineralic reaction zones. Consider, for example, a metasomatic column
formed by diffusion oi two aqueous species (t, I). The steady-state concentration profiles are represented schematically in Fig. 109. The discontinuities of
the gradients at X\, Xo, x$, x4 indicate
growth or loss of the solid phase at the
zone boundaries. The curvature of the

C. Application of the lever rule demonstrates significant production of phase C.
This effect has long been known by solution chemists as the salting-out effect
(Garrels and Christ, 1965).
The loss or production of the solid
phases within the monomineralic reaction
zones and at the zone boundaries can be
related to changes in the concentrations
of the aqueous species, thus providing a
set of n simultaneous partial differential
equations of the following form, suitable
for calculating changes in n monomineralic reaction zone widths (Lj) occurring
3
in metasomatic one-dimensional
i columns :

gradients within the zones indicates internal production of the solid phase. The
latter can be explained by considering a
ternary mole-fraction diagram (Fig. 110).
The mixing of two fluids of different
compositions, both in equilibrium with a

dLj/dt = J2 Rjk/Lk,
fc=l

where Rjk = 0 when k < j — t or k > j
+ 1 (Frantz and Mao, in preparation).
/
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Fiff. 100. Plot of the concentrations of aqueous species i and I as functions of x. The areas
labeled zones 1, 2, 3 refer to monomineral reaction zones that are separated by zone boundaries
x. and X%.
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HoO
Fig. 110. Mole fraction diagram for system a-b-ILO containing solid phases A, B, and C.

The values of Rjk are functions of porosity, tortuosity, concentrations of aqueous
species, concentration gradients, and diffusion coefficients.
In the general case, the concentrations
of the aqueous species are not constant,
and values of Rjk vary as functions of
zone thicknesses. The prediction of reaction-zone thicknesses thus rests on the
solution at a set of n simultaneous
differential equations with variable coefficients. In some simple systems (those
involving three or less components) , however, the concentrations of the aqueous
species are constant at the zone boundaries, and the values of Rjk are not functions of zone thicknesses. In these cases,
calculation of zone thicknesses involves
the simultaneous solution of n differential equations with constant coefficients.

An Example: Bimetasomatism in the
System MgO-Si02-H20-HCl
As a demonstration of the use of the
preceding theoretical model, calculations
have been made predicting the relative
thicknesses of reaction zones occurring by
intergranular diffusion in the system
MgO-Si(VH,>0-HCl. The present approach isto base calculations on data on
concentration gradients, making simplifying assumptions concerning diffusion
coefficients, porosities, and tortuosities.
Frantz (this Report) has determined
solubility constants for talc, serpentine,
forsterite, and brucite in chloride solutions at 100U bars between 400 c and
700°C. Weill and Fyfe (1964) and Anderson and Burnham (1965) have determined the solubility of quartz in the
hydrothermal environment. Using these
data and assuming a fixed total concen-
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tratioD oi chlorine in the fluid, one can
calculate solution concentration gradients
within reaction-zone columns involving
magnesium-silicate minerals. The species
MgClo, H4>i04. HC1. and H20 are assumed to be the only major species in the
intergranular film. Only the stoichiometric phases quartz, talc, serpentine.
rsterite, and brucite will be considered.
usioD coefficients of the aqueous species are assumed to be equal and are
given values of unity. Similarly, porosities and tortuosities of the different reaction zones are considered equal and given
values of 1. The relative zone thicknesses
based only on the data on the concentration gradients of the aqueous species can
be calculated using the above assumptions.
If it is assumed that there are no solid
sinks or sources for chlorine, the fourcomponent system MgO-SiOo-HoO-HCl
can be considered as ternary. The rate of
change of the thicknesses (Lj) of the n
reaction zones can be expressed by n
equations of the form of equation 2 with
constant coefficients independent of the
zone thicknesses.

where c (the integration constant) must
be evaluated according to the initial
thickness of the reaction zone at t = 0.
Equation 4 is. of course, useful only when
measured diffusion coefficients, porosities,
and tortuosities are known and one
wishes to calculate zone thickness as a
function of time. General solutions for
multizone metasomatic columns, however, are much more complicated and
normally are not parabolic functions.
Particular Analytic Solutions
In many natural systems involving isothermal diffusion, bimetasomatic columns
develop from initial reaction zones of
zero width. Particular solutions of the
differential equations (equation 2) having the following boundary conditions
are, therefore, most important:
Lj = 0 at t = 0, j = l,n.
The particular solution for2k,the thickness
of the jth reaction zone in a multizone
column of n zones is the following parabolic function:
(5)
L

General Analytical Solutions
General analytical solutions to the
above set of differential equations have
the following boundary conditions:
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where k1} k2, . . ., kn are constants and
n
satisfy the •i+i
following krelationships:

Lj > 0 at t = (),./ = l,ra.
n

^ k R ■■

Ln,
Consider the growth of only one reaction
zone, such as the formation of a talc layer
fr{ (kiRj+i.i)1 relations)
(7)
between quartz and forsterite at temper1
(6)
atures above the stability of serpentine.
The rate of growth of the talc zone can be(3) When equations 5 and 6 are combined the
following relation is apparent:
expressed by the following relation (simplified form of equation 2) :

kjj\ — k2L'> =

uLixzic/dt — Rn/Ltai,

The general solution of this ordinary differential equation is a parabolic function
of the form
LMe = V2Rnt + c,

(4)

which leads to the important conclusion
that in ternary rock systems in which
metasomatic columns develop from initial
reaction zones of zero width, the ratio of
the thicknesses at any two reaction(nzones
is constant and independent of time.
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Consider a bimetasomatic column of
talc and serpentine reaction zones developing between rocks composed of quartz
and of forsterite at 400°C, 1000 bars
pressure. When equations 5, 6, and 7 are
solved, if /cSerpentine equals unity, then
^talc =

-^serpentine/ -^talc =z 0.295,

-^tale —

1.838£

Tj

—

-'-'serpentine —

bars. If fcf0rgterite equals unity, the following results are obtained.
'^taie = L/fonterlte/ J-staic =
h.
'^serpentine —

■^/forsterite/ -^serpentine — " O-OOo.

c= 1.327f1/2,
U.J i It

Ltal
■^serpentine
—

,
0 R49/1/2
\j.u~xal

^forsterite =

The reaction zone widths (solid lines) are
shown as a function of t1/2 in Fig. 111. As
in the case of only one reaction zone,
measured diffusion coefficients, porosities,
and tortuosities are required if the individual zone thickness-to-time relationships are to be of use. The calculated
ratio of zone widths, however, may be
quite useful, depending on the validity of
the assumptions concerning the equality
of diffusion coefficients, zone porosities,
and zone tortuosities.
Next, consider the hypothetical case of
reaction between quartz and brucite
yielding reaction zones composed of talc,
serpentine, and forsterite at 400 °C, 1000

.0862,

,

0.1 14^/2.

The widths are plotted as dashed lines
against t1/2 in Fig. 111. Notice that the
talc-serpentine ratio in the above example is not the same as the talc-serpentine
ratio in the quartz-talc-serpentine-forsterite column.
As previously stated, the growth of the
reaction zones was found to result from
reaction both at the zone boundaries and
within the zones. In Fig. 112 the relative
contributions of zone-boundary growth
and internal growth are shown for the
serpentine zone in the three-reaction-zone
column quartz-talc-serpentine-forsteritebrucite at 400 °C, 1000 kbar pressure. It
is evident that the effects of internal
growth cannot be neglected.
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Fig. 111. Reaction-zone thicknesses as functions of the square root of time, t1/2. The solid line?
refer to zones in the column quartz-talc-serpentine-forsterite; the dashed lines, to zones in the column quartz-talc-serpentine-forsterite-brucite. The letter C is a scale factor.
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0.3-

Consider the bimetasomatic column
quart z -talc- serpentine - f orsterite at
400°C, 1000 kbar, with the following
boundary conditions :
/>talo = 0.1,

"serpentine — U.l.

-J

0
-0.

-0.2-

-0.3L
Fig. 112. Contributions as functions of V/2 to
the serpentine reaction-zone thickness in the
column quartz-talc-serpentine-forsterite-brucite :
(1) growth of the talc-serpentine boundary;
2 growth within the serpentine zone; (3)
growth at the serpentine-forsterite boundary;
(■i) combined growth due to the two boundary
reaction-; (.5) total growth at the serpentine
zone. The letter C is a scale factor.

Particular Solutions by Iterative
Methods
As previously shown, analytical solution.- for multizone columns developing
from initial reaction zones of nonzero
width at t = 0 are quite complicated.
Thus, the authors have chosen to solve
such problems with an iterative technique using a computer. After initial
reaction-zone widths are specified, a
series of new zone widths is calculated
with each small successive increment in
time.

)

\ at t = 0

0.2-

0.

INS T I T V T 1 O N

*

The reaction-zone thicknesses (solid
lines) resulting from this particular solu(8)
tion are plotted as functions of tl/~ in Fig.
113. Also plotted are the parabolic functions representing the reaction-zone
thicknesses of a quartz-talc-serpentineforsterite column (dashed lines) where
the initial zone thicknesses are equal to
zero at t = 0. Notice that the zone thicknesses of the column with the boundary
conditions of equation 7 approach those
of the parabolic functions quickly and
are identical at infinite time.
The preceding analytical and numerical methods can be applied toward the
prediction of more complicated multizone
systems. Consider, for example, the development ofreactions due to the presence of a quartz vein in a dunite at
^talc
400°C, 1000
bars, with the following
boundary conditions:

o,
■"serpentine — 0,
^
-^quartz =

)
\ at t

0

10

The reaction path and relative thicknesses of the reaction zones are shown in
Fig. 114. In the initial period, the width
of the quartz zone diminishes as reaction
zones of talc and serpentine form on both
sides of the original vein. The ratio of
their thicknesses corresponds to the ratio
found in the particular parabolic solution
of the quartz-talc-serpentine-forsterite
column.
At time ti, the quartz zone is gone and
the combined talc zone begins to disappear, with the serpentine zone width continuing to increase, but at a different
rate, which can be represented by the
general parabolic solution for the development of a single reaction zone (similar
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Fig. 113. Reaction-zone thicknesses as functions of tx/~ for the column quartz-talc-serpentineforsterite. The dashed lines refer to predictions based on initial reaction-zone thicknesses
of zero
^
width at t = 0 (see Fig. 111). The solid lines refer to predictions based on initial thicknesses at
t = 0 of 0.1 and 0.1 cm for the talc and serpentine zones, respectively. The letter C is a scale factor.
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Fig. 114. Reaction-zone thicknesses resulting from alteration of a 10-cm quartz vein in a dunite.
See text for details. The letter C is a scale factor. The dotted, dashed, and solid lines refer to the
quartz, serpentine, and talc zones, respectively. Where two identical reaction zones exist, the individual thicknesses are represented by the same line.
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to equation 4), At t-:. the talc zone disappears and growth of the serpentine
e eeases.
Conclusions
The development of a theoretical transport model suitable for predicting bimetasomatic reaction columns resulting from
intergranular diffusion is an important
step toward the understanding of nonisoehemieal rock systems. With the use of
various sets of input data, comparisons of
licted reaction columns with those
found in natural rock systems should provide a basis for determining which parameters are important in controlling the
reaction paths. The present calculations
demonstrate the prediction of zone sequences and thicknesses for rocks of a
ternary system. Using similar techniques,
bimetasomatic reaction columns of four
or more components can also be quantitatively predicted.
KINETICS

AND DIFFUSION

The Exsolution Kinetics of a Diopside
Solid Solution Having the Composition 54.1 Mole % CaMgSi206,
45.9 Mole % Mg2Si20G
R. If. McCallister
Experimental studies of exsolution kinetics invarious mineral systems are necessary to determine the mechanisms of
exsolution and the factors that affect
them, as well as to place limits on the
cooling histories of naturally exsolved
minerals. Because pyroxenes exhibit a
variety of exsolution textures and have
widespread occurrences on earth and the
moon, they ran potentially supply information with regard to conditions of formation and subsequent changes in physicochemical parameters.
In an initial investigation, McCallister
0974 i studied the exsolution kinetics of
diopside solid solutions of relatively low
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supersaturation (CaMgSi20(s-Mg2Si20(;
system), and he suggested that nucleation and growth by the continuous mode
is the operative mechanism. To supply
additional kinetic data at higher supersaturations and temperatures, a diopside
solid solution having the composition 54.1
mole % CaMgSi206, 45.9 mole %
Mg-jSi-O,; was synthesized.
The synthesis was carried out at 20
kbar and 1550°C in a % inch pistoncylinder apparatus with Pt capsules as
containers. Starting materials consisted
of glasses prepared from oxide mixes and
melted gels. Although the solubility limit
of MgoSioOr, in diopside is relatively insensitive to pressure at low temperature
(Davis and Boyd, 1966; Kushiro, 1969),
pressure does raise the solidus for the
maximum solubility composition from approximately 1390 °C at 1 atm (Yang,
1973) to approximately 1650°C at 20
kbar (Kushiro, 1969). Because of the
increase in solidus temperature with pressure, it is possible to synthesize singlephase materials that when annealed at 1
atm are highly supersaturated (Fig. 115).
Exsolution experiments were carried
out in Pt tubes at 1 atm and a variety of
temperatures ranging from 1050° to
1325 °C. Compositions were determined
from a curve of degrees 20 (311) for diopside versus composition (Fig. 116). The
(111) of LiF (38.739° 20; CuKa) was
used as an internal standard, and a least'20(3fit
squares
11)to the data yielded the following equation:
0.174(X) + 40.823,
where X represents the mole percentage
of CaMgSi206 on the Mg2Si206CaMgSi2Oo join.
The fractional extent of transformation
({) was determined by obtaining the
change in the average composition of the
diopside relative to the initial composition and dividing this by the difference
between the equilibrium and initial com-
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Fig. 115. Relationship between diopside solvus at 20 kbar (Kushiro, 1969) and 1 atm (Yang.
1973). The dot represents the composition and temperature of formation of the sample used in
the study, 54.1 mole % CaMgSisOu.

positions. Although there is some broadening of the (311) diffraction peak because an average diopside composition is
observed, the procedure was found to be
directly applicable for temperatures at
and above 1300 °C. At temperatures below 1300 °C, however, it was obvious that
even after short annealing times there
were clearly two populations of compositions. Based on measurements of degrees
26 of the two peaks, their values corresponded quite closely to the initial and
equilibrium diopside compositions at that
temperature. One explanation of this observation isthat the two peaks are simply
not resolved at the higher temperatures
where the supersaturation and consequently A° 2(9 are less; however, Fig. 117
shows the diffractograms in the region of
39.5°-40.0° 26 (CuKa:) for a diopside
annealed at 1300° and 1250°C. The difference in equilibrium diopside composi-

tions at the two temperatures is approximately 2.5 mole % MgoSioOe, which corresponds to a A° 26 of approximately
0.04° for CuKa: radiation and is not
enough to account for the marked change
in the diffractometer traces.
The presence of two peaks was also
observed in the few runs made at 1275 °C ;
however, to compare results for approximately equivalent £ the 1250 °C diffractogram was used. The calculated £'s for the
two experiments represented in Fig. 117
were 0.61 ± 0.07 and 0.51 ± 0.06 for
material annealed at 1300° and 1250CC.
respectively. The £'s for the run at 1250°C
and all other runs annealed below 1300 °C
were determined by measuring the average position for the two peaks. Because
the initial and equilibrium peaks are not
fully resolved, the weaker of the two will
be shifted toward the more intense line
(AzarofT and Buerger, 1958, pp. 210-218 ) .
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Fig. 116. Curve of degrees 2d (311) CuKa as a function of diopside composition.

The result of this effect will be to shift
the measured position toward the equilibrium peak as the percentage of exsolution
increases.
Figure 1 18 is a plot of £ versus log time
for 54.1 mole % diopside annealed at
1300'-. 1250°, and 1225°C. The lines
represent a least-squares fit to each of the
three sets of data. There was no significant difference in the rate of transformation for materials synthesized from oxide
glasses or gel glasses. The absolute rates
of transformation show that at 1300°C
equilibrium is reached after approximately 100 hours. In comparison, at
1125°C a composition that is originally

only 3% less supersaturated in Mg2Si206
than is 54.1 mole % CaMgSi20G at
1300°C takes about 2000 hours to reach
equilibrium (McCallister, 1974).
At temperatures below 1275 °C diopside solid solutions should exsolve a protoenstatite with considerably less Ca
than the Fe-free pigeonite compositions
(Yang, 1973). The position of the (311)
peak for the exsolved phase was determined at 1300°, 1275°, 1250°, and 1225°C
so that any discontinuity in the composition of the Mg-rich phase could be observed. Owing to the relatively high degree of supersaturation of the initial composition, itis possible to measure (311)

GEOPHYSICAL

A°2 0

395

LABORATORY

A°2#

°ZQ
I
I
39.5°Z940.0

39.5

40.0

250°C

00°C
Fig. 117. Powder x-ray diffractionI3
traces
from
material annealed at 1250°C (f = 0.51 ± 0.06)
and 1300 °C (f = 0.61 ± 0.07). The vertical bars
between 39.5° and 40.0° 20 correspond to the
degrees 20 for the average diopside solid solution in both runs. The A° 2d CuKa is the difference between (311) of the initial and equilibrium diopsides at the two temperatures.
of the exsolved phase at or near equilibrium. Extrapolation of the spacing curve
given in Fig. 116 to Mg-rich compositions
is not warranted on the basis of the existing data; however, the average 20 value
for (311) of the exsolved phase did not
show a discontinuity at any of these
temperatures. This observation suggests
that pigeonite is exsolved metastably below the inversion temperature and is consistent with the results of transmission
electron microscopy (R. A. Yund, personal communication), which indicate
that exsolution occurs on (001) of the
host and not (100) , the common plane for
orthopyroxene-clinopyroxene exsolution.
That the solubility limits of the diopside
limb of the solvus are apparently only
slightly affected is obvious when the
high-temperature, Fe-free pigeonitessdiopsidess solvus of Yang (1973) is extrapolated to lower temperatures, where it
virtually coincides with the protoenstatitess-diopsidess solvus.

Although it is possible to obtain kinetic
data on transformation rates by utilizing
powder x-ray diffraction, this technique
does not provide any information with
regard to the scale and orientation of the
exsolved phase. The use of single-crystal
x-ray techniques is impractical because
of the fine grain size of the synthetic materials; however, transmission electron
microscopy is being used to examine portions of 54.1 mole % CaMgSi20« that
have been annealed at various temperatures.
As mentioned previously, the samples
that have been examined by the transmission electron microscope indicate that
exsolution is occurring on (001) of the
diopside host ; however, the most striking
observation is that there appear to be two
distinct textural types. One texture is
described by Yund as modulated. The
microstructure consists of fine ( ~200 A ) ,
irregular lamellae that branch and terminate, and the compositional amplitude
may be small or large. The other texture
is described as being composed of
straight, long, and more widely spaced
lamellae. It is interesting that the temperature at which the difference in textures occurs is between 1275° and 1300°C,
the same interval in which the powder
x-ray diffraction patterns exhibit a
marked change in appearance.
Fletcher and McCallister (this Report) have calculated the temperature
interval (AT, °C) from the consolute
point to the top of the coherent spinodal
for critical compositions of 20 mole °/c
wollastonite and variable Fe (Fe -f- Mg).
The metastable consolute point for the
diopside-enstatite systems is at approximately 1450°C (Yang, 1973), and AT
was found to be 106°C, indicating that
the top of the coherent spinodal is near
1340 °C. Using approximately the same
curvature as for the solvus. the intersection ofthe coherent spinodal with this
composition corresponds to approximately 1300°C.
The three
points previously presented
— (1) the difference in the powder x-ray
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Fig. 118. Rate data obtained at 1300° (dots), 1250° (squares), and 1225°C (diamonds). The bars
repn s< in ±l<r. and the lines are the least-squares fit to each of the three sets of results.

diffraction patterns. (2) the change in
exsolutioD textures, and (3) the calculated undercooling from the solvus to the
coherent spinodal — suggest that 54.1
mole *~c CaMgSioOc; changes its mode of
exsolution between 1275° and 1300°C.
( )ne possible explanation is that exsolution occurs by nucleation and 'growth at
and above 1300°C; whereas at lower
temperatures the mechanism is spinodal
decomposition. The validity of this suggestion is currently being investigated
with diopsides of different composition
that have been annealed at various temperatures, and this approach may lead to
a delineation of the Ca-rich limb of the
coherent spinodal.
It is of considerable importance to determine the mechanism (s) of exsolution
in the CaMgSi20e-Mg2Si206 and other
pyroxene systems. If, in fact, the mechanism is nucleation and growth, there are
two activation energies and two rate
equations. Also, factors involved in the
exsolution reaction, such as the content
of impurities, crystal imperfections, supersaturation, and the effect of nonhydrostatic pressure, can affect the nucleation

and growth processes in different ways
and to different degrees. For spinodal decomposition, however, interdiffusion controls the rate of transformation, and consequently only factors that affect the
diffusion kinetics have to be considered in
any rate equation. For these reasons, the
mechanism and the factors that modify
it must be known in order to provide direction for future research efforts in the
field of exsolution kinetics, as well as to
supply data that ultimately will be utilized in determining the cooling histories
of naturally exsolved pyroxenes.
Spinodal Decomposition as a Possible
Mechanism in the Exsolution
of Clinopyroxene
R. C. Fletcher and R. H. McCallister

The cooling histories of naturally exsolved minerals can be ascertained if the
mechanism of exsolution is determined
first. The two mechanisms recognized
that can lead to exsolution are (1) nucleation and growth and (2) spinodal decomposition. The importance of deter-
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mining which of these two processes is
operative becomes obvious when it is
realized that spinodal decomposition is
initiated by the growth of small compositional fluctuations and does not involve classical nucleation (Yund and
McCallister, 1970). The purpose of the
present study was to evaluate theoretically the possibility that spinodal decomposition results in the exsolution of
clinopyroxenes. The problem was directed toward determining the maximum
temperature limit of the coherent spinodal, within which spinodal decomposition
can be operative, in relation to the consolute point of the solvus and the chemical spinodal (Fig. 119).
The coherent spinodal lies at a temperature below the chemical spinodal
(binodal) by an amount of undercooling
sufficient to counterbalance the positive
elastic energy associated with a composition fluctuation in a coherent crystal.
Because the chemical spinodal coincides
with the solvus at the critical point, it is
possible to locate the maximum of the
coherent spinodal in relation to that of
the chemical spinodal. If the required
undercooling is small, spinodal decomposition should be considered as a possible mode of exsolution in a system.
The amount of undercooling to the top
of the coherent spinodal is computed for
critical compositions on the pigeonitessdiopsidess solvus, or its metastable extension, for joins spanning the pyroxene
quadrilateral. The appropriate fluctuation in composition is approximated by a
variation in Ca at a constant mole fraction Fe/(Fe + Mg). The polynomial
representation of the cell parameters for
clinopyroxenes at room temperature given
by Turnock, Lindsley, and Grover (1973)
is presumed to be adequate for computation of strains associated with small variations in composition at arbitrary temperatures. The compositions of the metastable or stable critical points for
Mg2Si20G-CaMgSi206 at 1 atm (Yang,
1973) and at 20 kbar (Kushiro, 1969),

for wollastonite-FssrJ^nj.-, at. 15- If) kbar
(Smith, 1972), and for the metastable
two-clinopyroxenc solvus on CaFeSi20aFe2Si20(; at 20 kbar (Lindsley and Munoz,
1969), all lie within 20 ± 5 mole % wollastonite. The value of 20 mole % wollastonite is used for the critical composition across the quadrilateral. To the
present degree of approximation, it is
sufficient to treat the clinopyroxene crystal as elastically isotropic and to ignore
the variation in elastic properties with
composition. A Young's modulus of 1 .6
Mbar and a Poisson's ratio of 0.26 for an
isotropic aggregate of diopside (Kumazawa, 1969) are used in the computation.
It is sufficient to consider a plane
sinusoidal fluctuation in composition with
arbitrary amplitude A]7 (Y = Ca/[Ca
'+ Mg -f- Fe] mole fraction), with composition varying in an arbitrary direction
Xi in the crystal. An arbitrary fluctuation
can be described as a superposition of
plane fluctuations. When such a fluctuation is introduced in an initially homogeneous crystal, a thin lamina of crystal
lying normal to x1 ,in which the composition
is nearly uniform will undergo a net strain
made up of the sum of (1) a transformation
strain equivalent to the change in cell
parameters with composition and 12 i any
elastic strain required to maintain coherence. These strains and the corre-

SOLVUS
CHEMICAL
SPINODAL
COHERENT
SPINODAL

CRITICAL
COMPOSITION
Fig. 119. Schematic representation of the relationship among solvus. chemical spinodal. and
coherent spinodal for a binary system.
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ading stresses will vary sinusoidally
in the directioD .vx. and the strain or stress
amplitude refer to a small positive value
of a)'. Coherence requires that the components oi the net strain 622, t ■-<. and ess
vanish (see Calm. 1901). From these
conditions the nonvanishing stress component.- in the crystal may be computed.
The elastic energy per unit cm3 of crystal, r. is computed by averaging the local
value of the elastic energy over a wavelength. The magnitude of U depends
upon the direction .r, because the transformation strain corresponds to a change
in shape as well as a change in specific
volume. At the coherent spinodal, only
fluctuations in those directions of X\ that
minimize the elastic energy and therefore
require the least amount of undercooling
can grow. The undercooling to the coherent spinodal, which lies at a temperature
T below the critical temperature Tr, is
i after Calm. 1961)
Tr - T = [Umin <A}T] kNv,
where k is the Boltzmann constant and
N is the number of RSi03 molecules per
cm3. Because Umiti is proportional to
(AY)2, the undercooling does not depend
on the magnitude of the fluctuation.
Figure 120 shows the variation of elastic enemy. Ui with the orientation of the
fluctuation direction X\ for the composition Wo2oFs68En12 (Fs/[Fs + En] =
(010)

(100)
(001)
Fig. 120. Upper hemisphere .-tereogniphic
projection of elastic energy jn arbitrary units as
a function of direction X\ for the composition
Woa PsasEnu. Solid circles indicate the minima
in < lastic energy.
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Fig. 121. (A) Variation in elastic strain magnitudes as a function of orientation of Xi for
Wo2oFso8Eni2 and a fluctuation amplitude of 1
mole % wollastonite. (B) {T, — T)°C as a
function of the direction Xi for Wo2oFs.isEn]2.
The dashed line is the result of computations
made with anisotropic compliances; the solid
line is for isotropic compliances.

0.85). The two essentially equivalent
minima correspond to directions X\ approximately normal to (001) and (100).
Figure 121B shows the undercooling for
directions X\ contained in the a-c plane,
which includes the two minima. The
undercooling increases rapidly from only
10 °C at the energetically preferred directions to 100 °C for orientations 10° away
from the minima. When anisotropic compliances (Alexandrov, Ryzhova, and Pelikov, 1964) are used in place of the effective isotropic compliances, the results are
only moderately changed (Fig. 121B).
Figure 121 A shows the amplitudes of the
transformation strains in the plane
(normal to Xj) of uniform composition as
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a function of the orientation of the plane.
The amplitudes of the strains arc directly
proportional to the amplitude of the composition fluctuation AY. The amplitude
in the b direction is common to all orientations ofXi. The amplitude of the strain
normal to the b direction is a variable
extension or contraction.
The criterion of best geometric fit (optimal phase boundary), as applied by
Robinson et al. (1971) to the analogous
case of complete exsolution in clinopyroxenes and clinoamphiboles, would select the
planes for which the strain amplitude
vanishes in the a-c plane. The "energetically best fit" planes lie within a few degrees of these planes but take into account the small (relative to the
magnitude of the principal strains in the
a-c plane) strain parallel to b. If this
strain vanished, the two criteria would
yield the same result, and the elastic energy and undercooling would be zero.
Figure 122 shows the undercoolings for
critical compositions at 20 mole % wollastonite as a function of Fe/(Fe + Mg) .
A variation in the critical composition of
±5 mole % wollastonite results in a vari-

ation of the Fe/(Fe + Mg) value for
which (7\. — T) °C = 0 of approximately
±0.06.
The important
observation
is
that there are joins; within the pyroxene
quadrilateral for which the coherent
spinodal coincides with the solvus at the
critical composition. The Fe/CFe + Mg)
ratio of these compositions varies around
0.71 ± 0.06, depending upon the wollastonite content of the critical composition.
The results of the calculations suggest
that spinodal decomposition can be an
operative mechanism in clinopyroxene
exsolution and particularly for critical
compositions with an Fe/lFe -f- Mg) of
approximately 0.70. It is also worth noting that although AT has a value of
110°C for the critical composition on the
CaMgSi^Oo-M^SioOe join, the temperature represented by this undercooling is
still within the two-clinopyroxene solvus
(Yang, 1973). This observation suggests
that spinodal decomposition is a possible
exsolution mechanism even for Fe-free
solid solutions of high supersaturation.
The important implication of this conclusion is that spinodal decomposition
may be the operative mechanism in natural exsolution. Consequently, future
research efforts should be directed toward
not only determination of the mechanism
of exsolution but also the interdiffusion
coefficients in various pyroxene systems.
Extension of the Coherent Spinodal
Theory to an Anisotropic Crystal.
with Special Reference to
Feldspar Exsolitions
Y.Ohashi

Fs/(En + Fs)

mole fraction

Fig. 122. The undercooling for critical compositions of20 mole % wollastonite as a function of Fe/(Fe + Mg).

The importance of the spinodal mechanism has been discussed in studies of exsolution in minerals (Christie. 1968.
1969; Yund and McCallister, 1970; Owen
and McConnell, 1971 ; Fletcher and McCallister, 1974, and this Report). The
concept of "coherency" at the interface
(Calm, 1961, 1962) is one of the most
significant improvements of the original
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spinodal theory of Gibbs 1 1948 1. The coherent spinodal theory differs from the
chemical spinodal theory by the inclusion
oi the strain energy, which has two
effects, a temperature depression oi the
spinodal curve and a preferred orientation oi the exsolved phase with respect to
the host. Calm's formulation of the coherent spinodal theory, however, is limited to a cubic system, and thus application of the theory to triclinic feldspars
inevitably includes some averaging procedure (Yund and McCallister, 1970;
P trovic, 1973). The purposes of the
sent study are (1) a derivation of general equations applicable to the coherent
spinode in a triclinic crystal and (2)
application of the method to perthite exsolutions in alkali feldspars.
Coordinate Systems
The complexity of formulae can be
considerably reduced by selecting two
coordinate systems, one fixed to the crystal the
i
reference coordinate system) and
the other suitable for describing the physical quantities considered (the working
coordinate system). The reference coordinate system xixL»x:-i used in this study
i> a right-handed Cartesian system with
X] a*.x3 c and x-2 c X a*. These axes
are the base vectors of both the strain
tensor (ey) and the elastic compliance
-or is,, i. The relationship between
two coordinate systems is given by a
transformation matrix (flty),
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number of the independent elements is 6
for the strain tensor and 21 for the elastic constant tensor. For the definition of
t,,. see Nye (1957, p. 98). The method of
reduction of £,, from unit cell parameters
has been discussed by Ohashi and Burnham (1973) and applied to analysis of
feldspar lattice deformations (Ohashi
and Finger, Year Book 72, pp. 569-573),
After the e,/s are determined, the strain
along an arbitrary direction N can be
computed by
3

SN

—

3

&i 2-l
J S i ft il j

where /, (?" = 1, 2, 3) are direction cosines
of the vector N.
The elastic compliance tensor (Sfjkl) is
defined by the stress (o-,,) and
(ey) , and all those tensors
formed by (a,,) given above,
sponding primed quantities.
One advantage of using two

- z* a ijXjf

(t = 1, 2, 3)

where a,, = cos (xj A x;j and x{ and Xj
are coordinates. Hereafter a prime is used
to indicate that the quantity refers
to the working coordinate system.
Strain and Elastic Constant Tensors
The strain and elasticity of a crystal
can be described by the second-rank and
the
fourth-rank
tensors,
respectively
i Nye. 1957). In a triclinic system the

coordinate

systems is that Young's modulus and
Poisson's ratio can be defined even in the
triclinic system in the same manner as in
the cubic system. Young's modulus in
the ?'th direction is
XJ

and Poisson's ratio, v,-/, defined as the
tensional strain in the jth direction
vided by the compressive strain in the
direction for compressive stress in the
direction, is given by
=

—

exdiith
ith.

s

?

j- %

the strain
are transinto corre-

/Of.).

By changing the working coordinate system with respect to the reference coordinate system, these elastic properties can
be calculated for various directions in a
triclinic crystal. Using the above equations, anisotropic properties of elasticity
were computed for microcline and are
shown in Fig. 123.
Strain Energy in Coherent Spinode
Spinodal
decomposition
results
in
building up a compositional fluctuation
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Linear compressibility (Mbar1)

Young's modulus (Mbar)

Poisson's ratio tor compression // b
c ^\
0.75

Fig. 123. Radial plots of elastic properties for microcline, computed from elastic constant data
given by Alexandrov and Ryzhova (1962).

wave in a crystal. For a spinodal wave
along x, the composition, c, varies from
the average composition, c0, with the
form of
c = Co + A cos (3'X,
where A and /? are the amplitude and
wave vector, respectively, of the spinodal

TABLE

wave (Cahn, 1961). Let the spinodal
wave direction be the x3' axis of the
working coordinate system. If two contracting thin plates normal to the x3' axis
in the crystal are considered, they are
slightly different in composition. Therefore, if the interface is incoherent, there
will be a misfit between two plates.

38. Elastic Constants and Strain Tensor Elements Used in the Strain Energy
Calculation in Feldspars
Sij,t axes
(*i|
Coordinate
£i/§
>««
Sij,t
*
X
a,x3||c*)
(XlHa,X2||c
a*,x2 c X a*,x3| |c)

V

Mbar

11
22
33
44
55
66
12
13
23
15
25
35
46

0.664
1.710
1.215
0.143
0.238
0.361
0.438
0.259
-00.192
.033
-0.148
-0.131
-0.015

2

1
1.953
0.740
Mbar"1
0.949
7.024
4.695
-02.782
.479
-0.365

1.853
0.740
1.025
Mbar-1
5.986
4.738
-0.222
-03.814
.353
-0.228

-00.029
.228

0.410
0.490
0.292

0.093
0.030
0.014

0.074
0.012
0.015
-0.006

0.057
0.002
0.134

0
0

-00.028
.653
0.653
1.844

fElastic stiffness constants for microcline, Or78.5 Abi9.4An2.i, after Alexandrov and Ryzhova (1962).
JElastic compliance constants computed from ci;.
§Strain components for a change of NaAlSi308 — -> KAlSi308. Computed from lattice constants for
sanidine-high albite series determined by Orville (1967), (1) Or33.66Ab66.34-Or3s.5sAb6i.42 (triclinic).
(2) Or3s.68Abe1.42-Or43.54Ab56.46 (monoclinic).
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To maintain the coherent interface
some stress must be applied to balance
the nonvanishing strain components. The
necessary conditions for a coherent interface are
for /' = 1.2, and 0.
The terms m', <r/ and v* (= tn*)t which
are the only nonzero stress components,
can be obtained by solving these equations. The strain energy, (E), integrated
over one wavelength of the spinodal
wave, is given bv
<E>

4

where .4 is the amplitude of the spinodal
wave. A more detailed derivation will be
given elsewhere.
A2
Pert kite Ex solution
A geometrical explanation has been
given for the most frequent occurrence of

Fig. 124. Radial plot of .strain energy associated with the spinodal wave for 1% compositional fluctuation in the monoclinic sanidine—
high albite series. The direction of the minimum strain energy is found to be close to the
[601]* and [8011* directions, in agreement with
observed perthitea approximately parallel to
(601) and (801) planes.

INSTITUTION

approximately (601) or (801) exsolution
lamellae of perthites (Smith, 1961; Bollman and Nissen, 1968) . The best-fit plane
of two slightly different lattices, however,
is not necessarily the plane, of the minimum strain energy. For a more rigorous
treatment, the elastic properties of the
mineral must be taken into account.
Using the equations derived above, the
strain energy associated with the coherent
spinodal wave with 1% compositional
fluctuation has been calculated for the
compositions close to the critical point of
the alkali feldspar solvus. Because <r6' is
in general much smaller than o-/ and a/
it is not included in this calculation. The
input information is given in Table 38,
and the results of the calculation are
shown in Figs. 124 and 125.
The spinodal wave direction with the
minimum strain energy is consistent with
observed (601) or (801) exsolution in the
monoclinic case. In the triclinic case
there are two minima, one close to (010)
and the other close to (001), corresponding to the observations described by
Machado (1970), who reported that of
714 perthites measured, 70% were close
to (601), 25% close to (010), and 5%
close to (001). The double minimum of
strain energy may explain complicated
crosshatched patterns formed by two
perthite orientations. The minimum
strain energy for 1% compositional fluctuation is,in the triclinic case, 0.8 X 105
erg/cm3, corresponding to a temperature
depression of approximately 80 °C. In the
monoclinic case the corresponding values
are 0.13 X 105 erg/cm3 and 15°C, respectively. Those values may change if
the effect of temperature on lattice parameters istaken into account.
The orientation of exsolved perthites,
which varies considerably with chemical
composition and probably also with temperature and the Al-Si ordering scheme,
should preserve the cooling history of
the mineral. At present, the most necessary data for solving the problem are
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(010)

(100)
Fig. 125. Stereographic projection of strain energy associated with the spinodal wave for 19c
compositional fluctuation in the triclinic sanidine-high albite series. The numbers are strain energies in unit of 105 erg /cm3.

effects of temperature on lattice parameters and elastic constants. A systematic
study of lattice parameters of various
feldspar compositions at high temperature is now in progress.
Diffusion Anisotropy in Olivine —
Model Calculation
Y. Ohashi and L. W. Finger

Volume diffusion in a perfect crystal is
an atomic process composed of successive
migration of ions from one site to another. Thus the anisotropy in diffusion
will be determined by the three-dimensional arrangement of sites available for
jumps and the differences in the probabilities for various jump types. Using a
random- walk model, the anisotropy in
metal-type diffusion has been calculated
for an idealized olivine structure.

Experimental studies of Misener (Year
Book 71, pp. 516-520) show that the interdiffusion coefficient in a contiguous
fayalite and forsterite diffusion couple
depends on the crystallographic orientation. Buening and Buseck (1973) found
that diffusion of the Fe ion into forsterite
is considerably faster in the crystallographic cdirection than in the a and b
directions. The initial interpretation is
that the largest diffusion constant along
c can be explained by atomic jumps along
the chains formed by the Ml sites. As
shown below, the present study indicates
that another type of jump may be more
important.
Figure 126A shows an idealized olivine
structure based on the hexagonal closest
packing of the oxygen atoms. Between
octahedral cation sites there are three different types of jumps, which have jump
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frequencies denoted by 11,2.3 (Fig, 126B).*
A physical interpretation oi j, is as follows. Ions that are vibrating around their
equilibrium positions acquire enough
vibrational energy to surpass the energy
barrier between the two adjacent sites
with the probabilities given by the Boltzmann equation. The jump is successful
when the neighboring site is vacant; the
probability that the site is vacant is also
given by the Boltzmann equation. Thus
the jump frequency, r,. is proportional to
the product oi two probabilities.
There are ten neighboring octahedral
sites around Ml and twelve around M2
(Fig. 126C), and thus the probabilities of
* Although it is the same in tho network of
the octahedral sites. i>, for Ml is found to be
slightly different from that for M2 with respect
to the tetrahedra. In this study the same »>i is
assumed for both octahedral sites.

INSTITUTION

jumps. iCj, from each cation site to one of
its neighboring sites are
Wi (Ml) = r, 2(„i + 2v2 + 2v3),
Wi (M2) = Vi 2(V1 + 4v2 + 1/3),
where i = 1, 2, 3. Given these transition
probabilities, a metal ion follows a random-walk in the three-dimensional network.
A density function P{.\\x-2x-J) , giving
the probabilities that the site at XiX2x$ is
visited during time t can be calculated
from the Wi's using the Markov matrix
method (Feller, 1968, Chap. 2). For simple structures it is possible to construct
a Markov matrix (transition probability
matrix) by a visual inspection of the
structure (e.g., Mullen, 1961). For the
olivine structure, however, a computergenerated transition probability matrix
of 167 X 167, which includes all sites
visited within five steps of random-walk.

A

Vfo'o^f'V*!

-&
&>
I fefc&#
U

• cx>

C

• oc# •

^vK-K-^v^
•

o

b
B

\><\><P<1-^
[>Ki>i<ft<l>i>i
i:><Pi<J<<l<i<i
1><!X!><JXI
I

v, //a

H

M1

M2

V

M1 M2
Yw.. \2(>

A

An idealized structure of olivine.

Small circle's denote the metal atoms at x = 0

□ circles) jmd x — 1/2 ''-olid circles), and large circles denote the oxygen atoms
(solid) and X = 3/4 (open). Silicon not shown. (B) Three-dimensional network of
in olivine. The v-, jump is parallel to the a axis and the v» jump is in the b-c plane.
jump, v.. has the components a/2. b/4, and c/4. (C) Jump probabilities from the
fhe inversion r-entr-i ; and the- M2 site (on the mirror plane) in olivine.

at x = 1/4
metal sites
The interMl site (on
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If the data of Buening and Buseck
(1973) can be extrapolated to a -elfdiffusion process, D3 must be much lai e
than either />>, or D2. If D1/D3 is much
smaller than unity, the contribution of v\
must be small (Fig. 127A). By similar
arguments, the effect of vz is also .-mail
(Fig. 127B). Combining these results, it
is concluded that the interlayer jump v2
is the major process in atomic diffusion in
olivine.
This unexpected result can be shown to
be consistent with the structure. Because
the Si-0 bond is considered to be much
stronger than Mg-0 or Fe-O, it would
require more energy for the migrating
atom to open up an edge shared by the
tetrahedron and octahedron. This observation would explain why the v3 jump
frequency is rather low; it involves expansions of the two 0-0 edges of the
same tetrahedron (Fig. 126). The jump
frequency v\ also requires expansions of
the shared 0-0 edges, one for M2 —> M2
and two of the different tetrahedra for

Fig. 127. Diffusion constant ratio vs.
frequencies for metal diffusion in olivine.

lump

has been used to evaluate the density
function.
The density function is related to the
principal diffusion constants, Dt (i =
1, 2, 3; Howard, 1966; Manning, 1968),
such that
Di = t—
lim
{^
>00
lim

Ml -> Ml. On the other hand, the interlayer V2jump, which opens the unshared
0-0 edge, should require lower energy.
As a result, its jump frequency is higher
than other types of jumps.
In conclusion, the present study shows
that the interlayer jump is the major
atomic process in the metal diffusion in
olivine. The highest diffusion rate along
c is explained by the zig-zag jumps alternating M1-M2-M1-M2 . . . rather than
jumps along the straight Ml chain. Obviously, further studies of the correlation
effect of vacancy diffusion are necessary
for discussing absolute values of the
diffusion constants and jump frequencies.

2t
Temperature

where (xr) is a mean-square displacement
along the 2th axis. The ratios of the diffusion constants, Dt/Dj = (xi2)/(xj2)) have
been computed for various combinations
of j/'s for the idealized olivine structure.
The results are shown in Fig. 127, in
which each curve represents a constant
ratio of diffusion constants.

Depexdexce

of Ixtra-

crystallixe fe2+-mg distribution
in a Natural Anthophyllite
F. Seifert and D. Virgo

The intracrystalline
Fe2+ and Mg in some
silicates (e.g., pyroxenes
is strongly dependent

distribution of
ferromagnesian
and amphiboles)
on temperature
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Fig. 128. TFe resonant absorption of natural (A) and heat-treated {B, 720°C, 4 days) anthophyllite (Rabbitt. 1948. No. 30) at 77°K. The solid line is a least-squares fit assuming four Lorentzians
(twelve line variables, one background variable). The deviations of the solid line from the data
(divided by the square root of the background) are plotted as "residual" below the spectrum. The
arrow indicates the position where an absorption due to Fe3+, if present, would be expected. The
outer doublet Ai-A3 corresponds to the Ml, M2, and M3 positions, the inner doublet Bi-B2, to the
M4 position.

(e.g.. Virgo and Hafner, 1969; Ghose and
Weidner, 1972 1 and may record information on the cooling history of natural
samples 'Hafner and Virgo, 1970). In
the present study of the thermal behavior
of an orthoamphibole, an anthophyllite
(Rabbitt, 1948, No. 30) was chosen that
had already been the subject of a detailed
crystal structure determination (Finger,
Year Book 68, pp. 283-288).
A microprobe analysis gave the slightly
revised structural formula Nao.05Cao.09
MgB.Y»Fe*+i.i7
As
pointed out by(Si7;8iAlo.i8)022(OH)2.
Finger (Year Book 68),
the molecular fraction Xv" = Fe2V(Fe2+
4- ^l^r» is high in the two M4 positions
{X^ui = 0.651 i . low in Ml . M2, and M3
(weighted average in the five positions
VF'M] ,M2,M3 = 0.033o), and not substan-

tially partitioned between the latter positions. The cation distribution among the
octahedral sites, M, can therefore be
described essentially by an ordering
parameter

Fe
Ml

M12.3

XFeM4

(1(1 - - XFe
X

M123)

where XFeM4 is the site occupancy of Fe2+
in M4 and XFeMi23 is the average site occupancy ofFe2+ in Ml, M2, and M3.
The 57Fe Mossbauer spectrum of the
=
natural,V unheated sample at 77°K (Fig.
128A ) consists of two well resolved quadrupole split doublets. The inner, more
intense doublet (Bi-B2)X] can, on the basis
of the crystal-structure determination,
be assigned to Fe2+ in M4 and the outer
doublet (A,-A2), to Fe2+ in Ml, M2, and
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M3 (Fig. 128). Both the wet chemical
analysis (Rabbitt, 1948) and the Mossbauer spectrum show the absence of detectable amounts of ferric iron in this
material (Fig. 128).
If it is assumed that the recoil-free
fraction at the M sites is the same and, in
a first approximation, saturation effects
are neglected, the area of the doublets
may be assumed to be proportional to the
occupancy of Fe2+ at the sites. The ratio
of areas can then be converted into site
occupancies of Fe2+ in M4 and average
site occupancy in Ml, M2, and M3 from
the following relationships, given by
Ghose and Weidner (1972) :
X

!M4

=

^[l

- (A1 + Ai)/

(Ax + A2 + Bx + B2)]>

XFeM123 = ^x[(A1 + Ai)/
(Ai + A2 +-J5i + B2)l
where x represents the bulk Fe2+/(Mg -fFe2+) ratio of the material. The XFe
values of the individual sites thus calculated from the Mossbauer spectrum of
the natural material are given in Table
39. The differences between the x-ray
and Mossbauer determinations are due
mainly to the different bulk .rFe values
used in the calculations and as well to
the slightly different ways in which the
site occupancy values are calculated.
Specifically, in the present calculations
the crystal is treated as a binary Fe2+,
Mg solid solution, whereas, in the x-ray
refinement analysis, elements of similar
TABLE

'Fe

X

M4
M123

V

scattering factors (e.g., Fe2+, Mn2 . Ca)
are not differentiated.
A series of heating experiments in the
temperature range 400°-720°C, 2 kbar,
in standard cold-seal bombs and with
controlled oxygen fugacity (quartz-fayalite-magnetite buffer) were carried out
with this material, and the iron-magnesium distribution was determined from
Mossbauer spectra at 77°K (Table 40).
The presence or absence of a hydrous
vapor phase did not change the results at
720°C, i.e. within the stability field of
anthophyllite + H20. To avoid decomposition atlower temperatures, no water
has been added in these runs, the absorbed moisture being obviously sufficient
to maintain the oxygen fugacity defined
by the buffer in the outer capsule. Mirrorimaged Mossbauer spectra were taken,
and the left- and right-hand sides were
counted and fitted separately. The data
in Table 40 are average values of the two
sides. No significant changes in the isomer shifts and quadrupole splits were observed in the heated material compared
with the unheated sample (Table 40 1.
The iron remained in its divalent oxidation state. Figure 128B shows the results
of a heating experiment (720°C and 4
days) exhibiting a strong increase in Ax
+ A-2 and equivalent reduction of Bx +
B2. The exchange of Fe2+ and Mg in these
experiments can be described by the
intracrystalline equilibrium,
MgM123

+

Fe2+M4

=

Fe2+M123 + MgM4

At temperatures of 600 °C and above, an

39. Calculated Site Occupancies of Fe2+ and Ordering Parameter, p. in
Natural and Heat-Treated Anthophyllite*
Mossbauer Spectroscopy
X-ray Diffraction,
Unheated
2 kbar, 4 days
Unheated
(Finger, Year Book 68)
Heated 720°C
0.5327f
0.651
0.4016
0.0336
0.02241
0.07484
0.01864
0.02011
0.12054

*Rabbitt, 1948, No. 30.
fSite occupancies of XFeM4 and -X"FeMi23 from the Mossbauer spectral analysis, using .rFe = 0.21
(Finger, Year Book 68), are 0.6651 and 0.02798, respectively.
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equilibrium distribution is attained within
a few days, in both wet and dry runs, as
demonstrated by disordering rate studies
at 720 °C and a reversal experiment at
600 °C, where the starting material for
the ordering experiment was initially disordered at 720°C and 1 day (p = 0.1211).
The equilibrium p values found at 600° ,
670°, and 720 °C define a straight line in
In p vs. \/TK diagram (Fig. 129) , indicating a constant Gibbs free energy AC7°ex
of 4247 ± 54 cal mole"1 for the exchange
reaction in the temperature range investigated. Assuming an ideal exchange reaction (AG°ex constant) at lower temperatures, the cation distribution of the natural material corresponds to a temperature of about 270°C (Fig. 129). Such a
low temperature can hardly represent the
temperature of formation of the minerals
and must be explained as a temperature
at which the intracrystalline exchange reaction terminates owing to slow reaction
kinetics (Virgo and Hafner, 1969).

800

700

600

Further studies on the kinetics of the
Fe2+-Mg exchange in anthophyllite at
lower temperatures gave results significantly different from those previously reported by Virgo and Hafner (1969j for
orthopyroxenes and Ghose and Weidner
(1972) for cummingtonites. In this connection, detailed rate experiments were
made at 500° and 550° C, starting from
natural and previously partially disordered material (720°C and 1 day). The
results, presented in Fig. 130 for the
550 °C isotherm,
= G can be fitted by the rate
equation for a second-order competing
rate process,
- C, »-i
dX
dt

/ ,

V j <k j ;<t> j {X j (I

—

Xi)

n-1
3= 1
22
v i $ i j<t> i jX A\ — x j),

where X; is the
in site i, vy =
coefficients, k,j
stants for the

Temperature,400°C
500

molecular
fraction of Fe2~
3=1
va are the stoichiometric
and kn are the rate concompeting ordering and

300

270

-3.0-

-2.5

Fig. 129. Plot of the ordering parameter. In p (see text) versus 1/TK for the heated anthophyllite sample (Rabbitt, 1948, No. 30). The arrow labeled "natural" gives the In p of the natural, tinheated material, indicating an apparent equilibrate n temperature of about 270° C.

410

CARNEGIE

■-

INSTITUTION

1 1 1 1 1 1 1 1

Disordering experiments
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j
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Fig. 130. Change of the Fe:+ site occupancy. XFeM4, as a function of run duration at 550°C, 2
kbar. Open circles, starting material for natural, unheated anthophyllite; closed circles, starting
material for anthophyllite previously disordered at 720°C, 2 kbar, 1 day. The bracketed ordering
experiment has not been considered in the calculations.

disordering process, 4>n and £# are the
activity coefficients for the intracrystalline exchange, and C0 is the total concentration of all sites per unit volume
(Mueller, 1967 1.
For an anthophyllite with two M4
sites and a total of five Ml, M2, and M3
sites, the latter treated in this approach
- Thermodynamically equivalent positions, the 4> values set to 1, and the constant'4factor
Co omitted, we obtain
1
fc*

'14

xFe value:
the
equilibrium constant and the bulk
X4
K

(1

—

X123)

123-4
^■123 (1 — X4)
^4-123 V
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1

V
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dX<

7

-=
5X

—

=

dt

2

5-

—

V

JL 4

A:i23-4 [cX42 +

6X4 +

a]

with

] 1

/C 1 2 3-4
.'

A.\34 —

I:

(l

=

XY

123 -4^

2
V;j

—

_

A'}1

V43 :: —

—

A" 4 o

A 1 —

—

X 2 =

^43

~

#4-123

X.% —

0

=

K

C

=

^

123-4

X

—

X

~\- -- K

5
123-4

H~

m

X123

and

(1

-

K°i23-4)

X4)

The solution of this type of differential
equation for ordering and disordering has
been given by Mueller (1967).
This formalism was applied to the rate

One rate constant and one site occupancy
number can be eliminated by substituting

studies at 550° and 500 °C, and the ordering rate constants &123-4 reported in Table
41 were obtained. A value of XFeM4 =

-

fU

' =

-' !■■, nzK, (1 - Xltl)
—

=

A' 1 ■.'■'; -4 ATi23

(1

—
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41. Rate Constants, km-*, Determined for a Natural Anthophyllite at 500° and
550° C and Calculated Activation Energies for Ordering, Eae
«^ 1 2 3— 4 ,

Ordering experiments
Disordering experiments

550°C
7.2 X 10~6
0.96 X 10"5

0.44950 thus represents, within the limits
of error, the equilibrium Fe2+-Mg distribution at 550 °C and plots, in fact, very
close to the linear extrapolation of the
high-temperature data given in Fig. 129.
It should be noted from the close approach to equilibrium in the ordering experiments and from Table 41 that the
rate constant k12s-i calculated from the
ordering experiments is always larger
than that calculated from the disordering
experiments. This difference might be
explained by fa j^ </>;> =^= 1. Nevertheless
the activation energies for ordering {Eao)
calculated from the two sets of data are
not very different (Table 41) .
The activation energy for the ordering
process of some 55 kcal (Table 41) and
thus also the temperature dependence of
the rate constants are much higher than
those reported for orthopyroxene (20
kcal) by Virgo and Hafner (1969). Generally the rate of both ordering and disordering will drop very rapidly at lower
temperatures, and in view of the high activation energy, it is not surprising that a
disordering experiment at 400 °C and
907 hours did not show any change in the
Fe2+-Mg distribution. The rate constants
calculated for 400 °C indicate that a
change of ArFeM4 of 0.001, which is approximately the sensitivity of the Mossbauer experiment, would require a run
duration of some 4 years. Obviously the
kinetic limit for ordering should not be
determined by zero reaction experiments
of a few weeks duration in this temperature range.
In summary, an anthophyllite crystallized at 720 °C would require 106 years
to attain 90% of its equilibrium Fe2+-Mg
distribution at 270 °C and some 2 X 108
years at 200 °C. These figures are neces-

E
kcal
61.6
54.8

min 1
C
0.63 50X0° 10" 6

o.n x 10~6
sarily tentative because they are based
on extrapolation over a wide temperature
range, the assumption of ideality of the
exchange process, and constant AG'%X
and Eao values. They show, however,
that time estimates consistent with petrological considerations can be obtained
with the simple model used in this report,
and a two-step mechanism for the ordering process with drastically different rate
constants, as proposed by Mueller (1970)
for orthopyroxenes, need not be invoked.
METAMORPHIC MINERAL STABILITY
AND PROPERTIES
The Grossularite

Relations

in the

CaO-Al203-Si02-H20 System:
A Reinvestigation up to 10 kbar
Hans Gerhard Huckenholz

The lime-alumina-silica system studied
by Rankin and Wright ( 1915) was one of
the first ternary systems that provided
basic information with petrologic application. The geologically important
phases occurring in the CaSi03-Ca2Al2
Si07-Al203-Si02 portion of this system
do not form solid solutions, and their
mutual reaction relationships can be described without difficulty when H20 is
added (Fig. 131).
Among other phases, grossularite (Ca3
Al2Si30i2) is stable in this portion of the
CaO-Al203-Si02-H20 system (abbreviated here as CASH). Knowledge of its
behavior under varying temperaturepressure regimes and its relationship with
participating phases of the system provides a valuable approach toward an
understanding of the nature of metamorphism of impure limestones. Specifically, grossularite and its accompany-
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I707°AI7

^V"

1730'

1850°

Al203

CaO
Fig. 131. Liquidus surface of the grossularite portion of the CaO-AloOs-SiCK-EL-O (CASH) system
at 1 arm total pressure (Rankin and Wright, 1915; Osborn and Muan, 1960) projected from H20.
Names in parentheses indicate hydrous phases or phases not stable on the liquidus at 1 atm. Maxima
2020°
on univariant curves are due to stable joins at 1 atm. Numbers in parentheses refer to compositions
studied. Phases are cristobalite, tridymite (SiO-), pseudowollastonite, wollastonite (CaSiOa), anorthite (CaAUSijOs), gehlenite (Ca,ALSiOT), grossularite (CasAlaSiaOw), zoisite (Ca2Al,Si.!01,(OH) ),
margarite (CaAUCAlaSizOioKOEDa), andalusite, sillimanite, kyanite (AbSiO.-,), mullite (AlcSi20i3),
corundum (ALO.O. hibonite (CAe, CaAl^Oi!,). rankinite (Ca.^Or), and calcium-aluminum Tscher'g molecule (CATS, CaALSiOe).

ing reaction relationships involving the
major rock-forming minerals quartz (or
tridymite), wollastonite (or pseudowollastonite), anorthite, gehlenite, and corundum can be used as basic indicators to
decipher the P-T-X conditions under
which calc-silicates might have formed
in nature.
Because of their petrogenetic importance grossularite and its reaction relationships have been the subject of experimental work by Yoder (1950a; Year

Book 53, p. 121), Roy and Roy (1957),
Pistorius and Kennedy (1950), Newton
(1966), Hays {Year Book 65, pp. 236238), and Boettcher (1970). Inconsistencies ofresults concerning the subsolidus
breakdown of both natural and pure
grossularite obtained by previous workers and data obtained on the join andradite-grossularite (Huckenholz, Lindhuber, and Springer, 1974) led to a
reinvestigation of the grossularite portion
of the CASH system. A variety of uni-
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2a
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36

3c
3d
Se
4
5
5a
56

6, 6a
7
8
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42. Univariant Reactions for Compositions near Grossularite in the CASH
System Studied
2Gro = 3Wo + Geh + An
3Pwo/Wo + Geh + An + V = Liq
3Pwo/Wo + Geh + An = Liq
Gro + V = An + Wo + Liq
Gro + V = Wo + Liq
Gro + V = Liq
Gro + Wo + V = Liq
Gro + An + V = Wo + Liq
Gro + An + V = Liq
Gro + An + Geh + V = Liq
Gro + Geh + V = Wo + Liq
Gro + Geh + Wo + V = Liq
Gro + Geh + V = Liq
Gro + Cor = Geh + An
Gro + Cor + Geh + V = Liq
Gro + Cor + V = An + Liq
Gro + Cor + An + V = Liq
Gro + Cor + V = Liq
An + Geh + V = Cor + Liq
Gro + Qz = 2Wo + An
Wo + An + V = Gro + Liq
Wo + An + Gro + V = Liq
Wo + An + V = Liq

Abbreviations : Gro, grossularite (Ca 3Al2Si30 12) ;
Wo, wollastonite (CaSi03); Pwo, pseudowollastonite (CaSi03); Geh, gehlenite (Ca2Al2Si07);
An, anorthite (CaA^SioOg); Cor, corundum
(AI2O3); Qz, quartz (SiC^); V, vapor; Liq, liquid.

variant reactions evolving from experimental results and chemographic analyses, except those containing the hydrous
phases zoisite (Newton, 1965, 1966;
Boettcher, 1970; Winkler and Nitsch,
1962) and margarite (Chatterjee, 1971;
Velde, 1971; Storre and Nitsch, 1974),
describe the stability range of grossularite
for the temperatures and pressures under
consideration. They are presented in
Table 42.
Reactions 1 and la
Pure grossularite decomposes to 3Wo
+ Geh + An (Fig. 132). Neither liquid
nor vapor is involved in the reaction, and
the corresponding univariant curve passes
through the following points:
P, 0.2
kbar
0.5
1.0
3.0

T, °C
862±10
873 ± 5
892 ±10
968 ±10

P, kbar
5.0
7.5
10.0

1044±10
1140±10
1216=1=15
T, °C

Reversals were obtained using grossularite+* ( 10% 3 Wo + Geh 4- An
seeds) and 3Wo + Geh + An (-f 10%
grossularite seeds) in paired run-. Glasses
of grossularite composition and unseeded
grossularite or 3Wo + Geh + An were
also subject to the same treatment. Temperature brackets within the limits of
experimental error were obtained at both
the Geophysical Laboratory and the
Mineralogisch-Petrographisches Institut.
University of Munich, for water pressures
of 0.5 and 1.0 kbar as well. The writer
is greatly indebted to Dipl. Min. E.
Holzl, who carried out the 0.2 bar run
and the duplicate runs at 0.5 and 1.0 bar
in Munich.
The results reported here for the breakdown of pure grossularite extrapolate to
1 atm total pressure and 855° ± 5°C.
The univariant reaction has a slope of
T = 855 + 36P,
where T is in degrees centigrade and P
in kilobars. Above 4 kbar reaction 1 cannot be studied in the presence of excess
water vapor because melting reactions
are encountered. Thus, anhydrous experiments with the same starting materials
were carried out to confirm the continuation of reaction 1 into la. Temperature
brackets at 7.5, 9, and 10 kbar total pressure compare remarkably well with those
of Hays ( Year Book 65, p. 239, Fig. 25 1 .
which were determined using solid-media
pressure equipment at 9 and 10 kbar.
Results obtained in this study for reaction 1are in contrast to those reported
previously for the decomposition of
grossularite. Yoder (1950a) extrapolated
the breakdown to 1 atm at about 750 °C
on the basis of grossularite composition
in runs of short duration (20 hours or
less). Results from longer runs, however,
* Starting materials for pure grossularite composition are synthetic grossularite crystallized
from a glass at 850° C and 0.5 kbar with a =
11.850 A and n = 1.735; synthetic 3Wo + Geh
+ An crystallized from glasses of grossularite
composition at 1050° and 1 atm.
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Fig. 132. Pressure-temperature diagram for grossularite (CasAbSi-iO^) composition. Numbers of
reactions as in Table 42. I, invariant points; S' , singular points restricted to CanAbSiaO^ composition. Orif-ntation of phase triangles refers to the inserted CASH system. Abbreviations of phases
as in Table 42. Liquid in phase triangles at intersections of tie lines has no symbol. The labeled
compositional diagram refers to conditions immediately to the left of 1 and la only. PseudowolI istonite/wollastonite transformation curve from Huckenholz and Yoder (this Report). Numb<--rr-d circles refer to unit-cell parameter of grossularite (in A). Symbols: open circles, grossularite
from 3Wo + Geh + An and from glass of grossularite composition; vertically shaded circles, grossularite from 3Wo + Geh + An (Hays, Year Book 65) ; horizontally shaded circles, grossularite
from Kla~s of grossularite composition (Yoder, unpublished data); open squares, 3Wo + Geh +
An from grossularite and from gla.ss of grossularite composition; vertically shaded squares, 3Wo
+ Geh 4- An from grossularite (Hays, Year Book 65) ; solid octagons, Geh + An + Liq from
3 Wo -f- Geh + An; vertically shaded octagons, Geh + (An?) + Liq from grossularite (Hays,
Yea ' Book 66) ; open triangles, wollastonite from pwo; solid triangles, pseudowollastonite from wolI istonite; diagonally shaded squares, no reaction observed. Symbols directly on top of others refer

to identical pressure conditions.
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are in agreement with those of this study
(Yoder, Year Book 53 and unpublished
data obtained during 1953-1966). Dr.
H. S. Yoder, Jr., kindly made his run material and results available for this study.
A breakdown at 850 °C and 1 kbar, reported by Roy and Roy (1957) , is clearly
within the stability field of grossularite
as outlined above. Boettcher (1970)
found the decomposition temperature of
a natural grossularite* at 1 kbar to be
840° ± 20°C. In addition, the breakdown temperature of grossularite was
calculated by Newton (1966) tobe798°C
at 1 atm. This temperature is slightly
higher than that of about 780°C
determined by Hays {Year Book 65, p.
238) by extrapolation from his experiments at high pressure.
No successful synthesis of grossularite
at 1 atm pressure has been reported to
date. To the best of the writer's knowledge, 0.2 kbar is the lowest pressure at
which equilibrium data for pure grossularite have been determined. However,
Yoder's (1950a) effort to crystallize
glasses of grossularite composition put an
upper limit to the temperature at which
grossularite might be stable at 1 atm.
Glasses failed to crystallize below 850°C.
Above that temperature, however, wollastonite (or pseudowollastonite) + gehlenite + anorthite was formed. Apparently, the structure of the glass was closer
to these phases, which occur with liquid
above 1265 °C compared with the subsolidus phase grossularite.
The unit-cell parameter and refractive
index of stable grossularite are 11.847 ±
0.003 A and 1.735 ± 0.001, respectively,
at pressures and temperatures close to
the breakdown curve (1, la) and melting curve (3, 3a, 36), as determined in
Figs. 132 and 135. They are identical,
within the limits of error, to parameters
* Grossularite from Bowling Alley Point, New
South Wales. Composition: Si02, 39.96; A1203,
23.21; Fe203, 0.68; FeO, 0.95; CaO, 35.04; MgO,
0.53. Equivalent to about 94 grossularite, 2
andradite, 2 pyrope, and 2 almandite (mole %).

of grossularite grown from various starting materials and in the presence of a
hydrous phase. This result, implies that
no grossularite-hydrogrossularite solid
solution was formed during the hydrous
experiments.
It should be noted that
grossularite-hydrogrossularite solid solutions were encountered when glasses
(Yoder, 1950a) or oxide-hydroxide mixtures (Pistorius and Kennedy, I960) of
grossularite bulk composition were subjected tohydrothermal treatment in runs
of short duration. Any deviation from
pure grossularite composition due to incorporation of(minor amounts of ) a hydrogrossularite component would have
altered the physical properties of grossularites as measured in Figs. 132 and 135.
because the end-member hydrogrossularite, Ca3Al2(OH)12, has a unit-cell parameter of 12.56 A (Flint, McMurdie, and
Wells, 1941; Yoder, 1950a) and a refractive index of about 1.605 (Thorvaldson,
Grace,
1950a). and Vigfusson, 1929; Yoder.
Reactions 2 and 2a
The grossularite breakdown assemblage, 3Pwo + Geh -f- An, begins to melt
at 1265 ± 5°C at 1 atm (Rankin and
Wright, 1915). The beginning of melting
is drastically lowered when a hydrous
vapor phase is present (Fig. 133). Thus,
reaction 2 intersects the Pwo/Wo transformation curve (Kushiro, Year Book 63:
Huckenholz and Yoder, this Report! at
1143°C and 0.9 kbar (J2) and the grossularite breakdown curve at 1000° ± 5°C
and 3.8 ± 0.2 kbar (Ii), generating two
invariant points where Gro + Wo + Geh
+ An + Liq + V (i\) and Pwo + Wo +
Geh + An + Liq + V (72) , respectively.
form the equilibrium assemblages. For
the Gro -|- H20 compositions, the nature
of phases occurring on the liquidus
changes with increasing pressure. The
Geh -f- An -f- Liq assemblage is replaced
by Geh + Wo + Liq when the liquid
passes over the extension of the compositional join Geh-Gro.
Univariant liquids
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change
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S'i
- 1060°C and 2 khan in Fig. 133. The
— mblage Geh + Wo + I^Q loses gehlenite when the composition oi the univariant liquid crosses the compositional
join A.n-Gro at — 1055°C and 2.5 kbar
at >'•_•. Anorthite and wollastonite hecome liquidus phases when the extension
of fche compositional join Wo-Gro is
passed at >", (<-4030°C and 3 kbar).
Points S'i to S'g are not singular points;
they merely denote liquidus field changes
for the grossularite bulk composition.
The change of liquidus phases from
gehlenite at low pressure to wollastonite
at higher pressure for a Gro-HoO composition indicates very clearly a depression of the vapor-saturated liquidus of
gehlenite with respect to wollastonite and
anorthite iHuckenholz and Yoder, this
Rrporti.
Electron microprobe analyses

oi the (hydrous) glasses from liquid + 2
solids + vapor assemblages of grossularite bulk composition (Fig. 134) close
to the temperature of the univariant reaction 2.reveal a change from about 38%
CaO, 20r; A1203, and 42% SiO,> at 1 atm
and 126o° ± 5°C (Rankin and Wright,
1915; Osborn and Muan, 1960) to about
37.2% CaO, 24.1 % AL>0,, and 38.7%
Si02 (with approximately 8% H20) at 4
kbar and 1010°C (Fig. 134). The latter
composition must be very close to that of
the invariant liquid at 7i.
The nature of the liquidus phases does
not change when HL»() is absent. Gehlenite and anorthite, and gehlenite alone appear on the liquidus (Fig. 132). The
temperature of the beginning of melting
of the anhydrous grossularite breakdown
assemblage rises slightly with pressure,
and reaction 2a intersects the Pwo/Wo
transformation

curve
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Fig. 133. }'i( —urr -temperature diagram for grossularite (Ca.-iALSi.-iO^) composition in the presence of (■:<<< — HJ). Numbers of reactions as in Table 42. /, invariant points, S', restricted singular points valid for CasAlsSisOu + FLO composition only. Orientation and symbols of phase triangles as in Fig. 132. Pseudowollastonite /wollastonite transformation curve from Huckenholz and
Yoder 'tin- Report). Symbols: solid octagons (tip up), Geh + An + Liq; vertically shaded octagon- flip up), Geh -f Liq; op«"-n octagons. u\\ liquid; solid octagons (base up), Wo + An + Liq;
diagonally shaded octagons, Wo + Liq. Other symbols as in Fig. 132.
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39C 25A 36S

37C

I8A 43S

35C

32C 25A 43S

Fig. 134. Enlarged section for the grossularite portion of the CASH system (projected from
HoO) with compositions of liquids (= glasses) analyzed by electron microprobe in coexistence with
two solids and a hydrous vapor phase. For phase assemblages see Fig. 133. Liquidus surface for 1
atm from Rankin and Wright (1915) and Osborn and Muan (1960). Tips of triangles give position
of liquids of the divariant assemblages Liq + V + 2 solids. Numbers in parentheses refer to a
glass with Wo + Liq + V in equilibrium. The course of liquid close to univariancy with increasing pressure is shown by an arrow. Abbreviations: C, CaO; A, A1203; S, Si02; others as in Table
42. Grossularite bulk composition is 37.36 C, 22.63 A, 40.01 S.

and 9.5 kbar (iia). The grossularite stability curve (la) is intersected by the
melting curve (2a) at about 1290° ±
20 °C and 11.5 ± 0.5 kbar when the data
of Hays (1967) are used. The melting of
3Pwo/Wo -f- Geh + An is in reasonable
agreement with the results obtained by
Yoder (1950a) when he used glasses of
grossularite composition in runs of very
short duration (less than 105 minutes)
between 2 and 4 kbar.
Reactions 3, 3a, 3b, 3c, 3d, and 3e
Above the quaternary invariant point
h at 1000° ± 5°C and 3.8 ± 0.2 kbar
grossularite melts incongruently
when

FLO is present as a vapor phase (Fig.
135). Below the singular point Si
(.— 1005°C and 5 kbar) the melting of
Gro + V yields Wo + An + Liq (reaction 3). At Si the liquid composition
crosses the extension of the compositional
join Gro- Wo, becoming reaction 3a7, Gro
+ An + V = Wo + Liq (Fig. 140 ) . The
liquid composition continues to change
with increasing pressure, crossing the compositional join Gro- An at singular point
*S9. From here, the restricted uni variant
reaction 3e, Gro -f- An + V = Liq,
emerges. Singular point £4 was not located precisely. Its position is determined
when the liquid has passed the extension
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of Wo-Gro toward anorthite in the GehAn-Gro subtriangle oi the CASH system.
Between & and So (Fig. 135) Gro + V
melts to Wo + Liq. indicating that reac-
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tion 3a is a restricted univariant reaction,
the phases wollastonite, grossularite, and
liquid lying on a conjugation line. Another restricted reaction, (36) Gro +

900

1000

00

Temperature, °C
Fig. 135. Pressure-temperature diagram for grossularite (Ca.jAl2Si.iO12) composition in the presence of ( xcess H20 above 3 kbar. Numbers of reactions as in Table 42. For reactions 3c and Zd
-'•< Y\sl-. 136 and 139. respectively. /, invariant points; S, singular points. Orientation of phase
triangles and symbols as in Fig. 132. Numbered squares and circles refer to refractive index (Yoder,
unpublished data) and unit-cell parameter (in A) for grossularite. Properties of grossularite synthesized byYoder at 970°C and 9 kbar were measured by Skinner (1956). Abbreviations as in
Table 12. Symbols: open circles, grossularite from 3Wo + Geh + An, or glass of grossularite bulk
composition, or grossularite; open squares, grossularite from glass of grossularite bulk composition
(Yoder, unpublished data) ; other symbols as in Fig. 133.
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V = Liq, emerges from S&, which defines
the upper temperature limit of grossularite stability.
The melting curve of Oro + ^ (3, 3a7
and 36) passes through the following
points, as shown in Fig. 135:
P, 3.8
kbar 1000
T, ±°C 5
1007±10
5
1013± 5
6

P, 7.5
kbar 1020
T, °C
±5
1035±5
10

implying a slope of the univariant reactions 3,3a, and 3b of
T =

1000 + 6P.

The data presented above are in very
close agreement with the results obtained
by Ford and O'Hara (1972) for the melting of pure grossularite at 5 kbar and by
Yoder and Chinner (Year Book 59, pp.
78-81) and Ford (personal communication, 1974) at 10 kbar. They are, however, in contrast to the findings of Boettcher (1970), who reported the melting of
a natural grossularite at 1085° ± 10 °C
and 10 kbar.
In the absence of H20, grossularite
melts incongruently to Geh -f- An -f- Liq
above the invariant point Ila (1290°C
and 11.5 kbar), according to the data of
Hays ( Year Book 65) as shown in Fig.
132. Gehlenite is the' primary phase on
the liquidus above S\a (^1325 °C and
13 kbar) , and extrapolation to higher
temperature and pressure would imply
that the congruent melting of pure grossularite occurs at about 1390 °C and 17
kbar for the anhydrous system.
Reactions 1+ and 5
Chemographic relationships dictate the
presence of two other (quaternary) univariant reactions originating at I\ where
anorthite and wollastonite do not participate. The sequence of these reactions
about the invariant point depends entirely on the composition of the invariant
liquid encountered in the invariant assemblage Gro -f- Geh + An -f Wo + Liq
-j- V. Experimental results indicate that
the liquid in the subsystem Gro-Geh-An-

H20 is at about 37.2% CaO,24.1% A1203,
and 38.7% Si02 (containing at least 8%
H20). The composition is very close to
the Gro-Geh-HjjO join and to the grossularite composition in particular (Fig.
134). Thus, reaction 4 has to be written
Gro + Geh + An + V = Liq (Wo), followed in a clockwise direction by reaction
5, Gro + Geh + V — Wo + Liq (An).
Experimental proof for reaction 4 is given
by treatment of compositions within the
Geh-An-Gro-H20 subsystem that yield a
liquid, almost independently of pressure,
at about 1005 °C (data for 5, 5.5, and 6
kbar; Fig. 136). The low-pressure termination of reaction 4 is the invariant point
I1} whereas its high-pressure end is intersected byreaction 6, Gro -f- Cor = An -fGeh, at Is. The tie line Geh + Gro + V
gives way to that of Wo + Liq (5) between reactions 4 and 3 because the composition of the invariant liquid is very
close to the grossularite composition. The
temperature interval for this change at 6
kbar is only 10° C. Within the limits of
error, Wo + Liq is stable beyond 1007 °C
and 5.5 kbar. Reaction 5 degenerates at
S6 into Geh + WTo + Gro + V — Liq
(5a) to which Geh + Gro + Y — Liq
(56) is the restricted reaction (Fig. 137).
The sequence of reactions evolving
from Zi is different from those originating
in Ila of the anhydrous assemblage ( Fig.
132). In this case, the invariant liquid is
still in the Gro-Wro-An subsystem, and a
Schreinemaker's analysis indicates the
nature of reactions 4a and 5a as Wo +
Gro + An = Liq and Wo + Gro = Geh
+ Liq, respectively. These relationships
are consistent with those of Yoder
(1950a).
Reaction 6
Reaction 4, Gro + Geh + An + V =
Liq, is intersected by reaction 6. Cor +
Gro = Geh -f- An (Fig. 138), generating
the invariant (quaternary) assemblage
Gro + Geh + An + Cor + Liq + V at
I, (1005° ± 5°C and 6.4 ± 0.2 kbar).
Reaction 6 has been reversed at 4, 5, and
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Fig. 136. Pressure-temperature diagram for compositions within the Wo-An-Cor-Geh-H20 portion of the CASH system above 3 kbar. Numbers of reactions as in Table 42. /, invariant points; S,
singular points. Orientation of phase triangles and symbols as in Fig. 132. Abbreviations as in Table
12 Symbols directly on top of others refer to identical pressure conditions. Symbols:
open triangles, Wo + Liq, and solid triangles, Wo + Gro + V, from Wo + Gro compositions; solid dia:. :- C'Vi — An + Geh + V from Gro + Cor and Gro + Cor + An compositions; horizontally shaded diamonds. Gro + An + Liq from An + Geh + Gro compositions;
open squares,
Geh + Gro + Wo + V, Geh + Gro + V, from Geh + Gro + Wo and Geh + Gro compositions;
tally shaded diamonds, Geh + Wo + Liq and Geh + Liq from Geh + Wo + Gro and Geh
- I rro compositions, respectively; solid circles, Gro + Cor (+ An) + V from Geh + An + Gro
and An + Geh 4- Cor compositions.

6 kbar.

The reversals are in agreement and

with those of Boettcher (1970), 770° ±
L5°C and 1 kbar, and those calculated by
Newton 09661,710° ± 15°C and 1 atrn.
The slope of reaction 6 is
T = 720 + UP

will lead it to an invariant point

where Cor + An + Geh + Gro + CaTs
_(_ Liq coexist. Hays (Year Book 65)
iocated this invariant point at 1160°C
anfJ n 6 kbar? in general accord witn the
recent data.
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10 kbar (Fig. 138). The position of the
invariant liquid is very close to grossularite in composition and particularly to
the Gro-Cor join because reaction 7 is
followed within a small temperature interval by reaction 8, Gro -f- Cor -\- V —
An -f- Liq, below S7. Thus, experimental
data for reaction 7 are difficult to obtain.
Its position, however, must be below
1005°C at 7 kbar but above 1000°C at
10 kbar because its slope is further controlled by its metastable extension being on the low-temperature side of reaction 4. Reaction 8 degenerates at S7
because of the singularity of the univariant liquid involved in reaction 8b, Cor +
Gro + V = Liq. Data for reactions 8a
and 8b were obtained at 8 and 10 kbar.
respectively.
Reaction 9
Reaction 9, Cor + Liq = An + Geh

960

I000

I040

I080

Temperature, °C
Fig. 137. Pressure-temperature diagram for
compositions within the Wo-Geh-Cor-ILO portion of the CASH system above 3 kbar to illustrate the degeneration of reaction 5. Numbers
of reactions as in Table 42. /, invariant points;
S, singular points. Orientation of phase triangles and symbols as in Fig. 132. Abbreviations as in Table 42. Symbols: open squares,
Wo + Geh + Gro + V, and horizontally
shaded squares, Gro + Liq from Wo + Gro +
Geh compositions; open diamonds, Geh + Gro
+ V, and diagonally shaded squares, Geh +
Liq, from Geh + Gro compositions; other symbols as in Fig. 136.

Reactions 7, 8, 8a, and 8b
Assemblages of Cor + Gro + Geh +
V begin to melt at 73. The curve for reaction 7,Gro + Cor + Geh + V = Liq,
was determined approximately at 7 and

+ ^7, was determined at 1055 °C and 6
kbar. Its position in P and T space distinguishes assemblages bearing An -fGeh from those in which anorthite and
gehlenite are incompatible phases.
Chemographic analysis indicates that reaction 9may be connected with an invariant point at which Geh + An -f- Cor
+ CAG + Liq + V coexist at high temperature but low pressure. In this event
the liquid crosses the join An-Geh, generating a singularity on curve 9.
Reactions 10, 11, 11a. and lib
The join An- Wo is not stable at low
temperature in the subsolidus region of
the CaO-ALOs-SiOo-HoO system. Rather,
grossularite coexists with quartz, and the
well known reaction Gro + Qz — 2Wo -fAn (10) was the subject of experimental
work by Pistorius and Kennedy (1960t.
Merrin (1962), Newton (1966). and
Boettcher (1970). New data on reaction
10 were obtained at the MineralogischPetrographisches Institut, University of
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Fig. 138. Pressure-temperature diagram for compositions within the Gro-An-Cor-Geh-H20 portion of the CASH system above 4 kbar. Numbers of reactions as in Table 42. /, invariant points;
S, singular points. Orientation of phase triangles and symbols as in Fig. 132. Symbols directly on
top of others refer to identical pressure conditions. Symbols: open diamonds, Cor + An + Liq
from Cor + Gro + An compositions; diamonds with crosses, Cor + Liq from Cor + Gro compositions; vertically shaded diamonds, Gro + Cro + Liq or Cor + Liq from Cor + An + Gro or
from An + Geh + Cor compositions, respectively; diagonally shaded squares, An + Liq from
Gro + Geh 4- An compositions. Other symbols as in Fig. 136.

Munich,* which displaces the position of
the curve slightly toward lower temperatures in the P-T diagram (Fig. 139). This
shift is plausible because Newton (1966)
and Bnettcher (1970) used natural mineral- and the grossularites contained iron
* The; writer is groat ly indebted to Dipl. Min.
Werner Lindhuber, Munich, who made available- hi.-; results on Gro + Qz = 2Wo H~ An
obtained during his investigation of grandite ss5
- Qz = An + Wo + grandite ss2. Starting
mate-rial- were synthetic grossularite, anorthite,
and woliastonite ; quartz from Dauphine,
France, containing less than 200 ppm Al. was
used as a source of .Si02.

(1 to 1.6% FeO + Fe203). Ferric iron
as andradite component in grossularite
will raise the stability of Gro ss -J- Qz,
according to unpublished data,* of the
order of 20 °C per 10 wt % andradite at
tively.
1 kbar and about 40°C at 3 kbar, respecReaction 10 has a slope of
T = 480 + 48P
which will continue as reaction 10a at
higher pressure and temperature. The
data of Newton (1966) and Boettcher
(1970) and those presented in this study
are not in agreement with the high-
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pressure experiments
of Hays
(Year
Book 65) at 1200°C.
Reaction 10 will be intersected by
curves B, D, 11, and F if a hydrous vapor
phase is present. Reaction B, Gro + An
+ Qz + V = Liq, and reaction F, An +
Wo + Qz + V = Liq, were not studied
and are drawn in Fig. 139 on the basis of
Schreinemaker's principles. Data for reaction D,Gro + Qz + V = Wo + Liq,

573 600

were obtained by Newton (1966) and
Boettcher (1970). Their results locate
an invariant point (74) on reaction curve
10 at 775° ± 20°C and 6.1 ± 0.5 kbar
with Gro + An + Wo + Qz + Liq + V
in equilibrium. Among the other reactions radiating from I4, reaction 1 1 , Gro
-f- Liq = An + Wo + V, was studied in
detail because Boettcher (1970) assumed
a connection of 74 (= 74 of Boettcher)

700

800

870

900

Temperature, °C
Fig. 139. Pressure-temperature diagram for compositions within the Gro-Wo-Qz-An-HzO portion of the CASH system. Numbers of reactions as in Table 42. Reaction B, Gro + Qz + An +
V — Liq (assumed) ; reaction D, Gro + Qz + V = Wo + Liq (Newton, 1966; Boettcher. 1970) ;
reaction F, Wo + Qz + An + V — Liq (assumed) ; low quartz/high quartz (Yoder. 19506) ; high
quartz/tridymite (Tuttle and Bowen, 1958). /, invariant points; S, singular points. Orientation of
phase triangles and symbols as in Fig. 132. Symbols: open circles, Qz + Gro from Wo + An +
Qz compositions; open squares, An + Wo + Qz from Qz + Gro compositions; open triangles and
triangles with crosses, data for reaction 10 from Boettcher (1970) ; open octagons and octagons
with crosses, data for reaction 10 from Newton (1966) ; solid circles. Gro (+ Wo) + Liq from An
+ Wo and An + Wo + Gro compositions, respectively; diagonally shaded squares. Gro + An +
Wo + V and An + Wo + V from Gro + An + Wo and Wo + An compositions, respectively;
open and solid triangles, data for reaction D from Boettcher (1970) ; open and solid octagons,
data for reaction D from Newton (1966).
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Fig. 140. Pressure-temperature diagram for compositions within the Wo-Qz-An-Cor-H20 portion of the CASH system. Number of reactions as in Table 42. /, invariant points; S, singular
points. Orientation of phase triangles and symbols as in Fig. 132. Symbols directly on top of
others refer to identical pressure conditions. Symbols: open squares, Gro + An + Wo + V and
An + Wo + V from Gro + An + Wo and An + Wo compositions, respectively ; open diamonds,
all liquid from Gro + Wo + An compositions; horizontally shaded diamonds, Wo + Liq from An
+ Wo compositions; open circles, Gro + An + V, and diagonally shaded squares, An + Liq, from
Gro 4- An compositions, respectively; solid circles as in Fig. 139.

with I\ i = Is of Boettcher) . However,
no evidence for this connection was found
experimentally. First of all, reaction 11
has a positive slope, indicating that Gro
-|- Liq has smaller molar volume and
molar entropy compared with An + Wo
4- V. The reaction will curve and become
negative in slope where the liquid in the
Wo + An + Qz -|- V portion approaches
the join An-Wo-F (Fig. 140). The assemblage An -f Wo + Gro + V rnelts
below S$f which is located adjacent to the
region where Gro -f- V begins to melt

along (3a). Reaction 116, Wo + An +
V = Liq, is tangent to reaction 11 at Ss
and will continue to 1307°C and 1 atm.
Singular point Sg is connected with £8 by
reaction 11a and with £4 by reaction 3d.
Owing to the very narrow temperature
and pressure range (<10°C and r^A.
kbar), experimental data could be obtained only for reactions 11, 116, and 3e;
reactions 11a and 3d are depicted in Fig.
140 in accordance with theoretical considerations.
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Petrogenetic Application
The univariant curves and singular
points studied in the grossularite portion
of the CASH system can be combined
with those involving zoisite, margarite,
and the Al2Si05 polymorphs in a more
generalized pressure-temperature diagram
(Fig. 141). It is an approach to understanding the stability of grossularite in
various phase assemblages. The position
and pattern of curves will alter and become more complex if grossularite solid
solutions, such as grandite (grossularite-

900

1000

andradite-Ti-andraditej or ugrandite
(uvarovite-grossularite-andradite) , are
introduced (Huckenholz, Lindhuber, and
Springer, 1974) .
The maximum stability of pure grossularite relative to the subsolidus assemblage Geh + Wo + An is given by curves
1 and la. Above the temperature and
pressure of 7i, grossularite melts in the
presence of a hydrous vapor phase along
curves 3, 3a, and 36 to An + Wo + Liq,
Wo + Liq, and Liq, respectively. These
curves (or segments of curves) together

MOO

1200

300

1400

500

Temperature, °C

Fig. 141. Composite pressure-temperature diagram for reactions within the grossularite portion
of the CASH system. Numbers in circles refer to reactions studied in this report and are given in
Table 42. Letters in octagons refer to reactions taken from the literature. /, invariant points; S,
singular points. Reactions 5 and 8 do not terminate at singular points S6 and Si, respectively. For
details see Figs. 137 and 138, respectively. Reactions 1-11 as in Table 42; (12) Geh + V = Liq;
(13) Wo + V = Liq ; (14, 14a) Wo = Pwo ; (15) Pwo + V = Liq (12-14, Huckenholz and Yoder.
this Report) ; (A) 4Zo + Qz = 5An + Gro + 2F (Newton, 1966; Boettcher 1970) ; (B) Gro An + Qz + V = Liq (assumed) ; (C) low Qz = high Qz (Yoder, 19506) ; (D) Gro + Qz + V =
Wo + Liq (Newton, 1966; Boettcher, 1970); (E) 6Zo = 2Gro + 6An + Cor + 3V (Newton.
1965; Boettcher, 1970); (F) An + (Wo/Pwo) + (Qz/Tri) + V — Liq (assumed); (G) high Qz
= Tri (Tuttle and Bowen, 1958) ; (H) An + V — Liq (Yoder, Year Book 64; Stewart. 1967) ; (/)
An
Zo =+ An
Qz ++ Gro
V = + Liq
; (/)
Zo ;+(L)
Qz Gro
+ V += An
Gro + + F Liq
1970) ; (A*) ;
Zo ++ Qz
Liq(assumed)
(Boettcher,
1970)
= (Boettcher.
Zo + Liq (assumed)
(M) Marg = An + Cor + V ; (N) Marg + Qz = Anda/Kv + An + V; (0) 2Zo + Marg 2Qz = 5An + 27; (P) Marg + 3Qz = 2Zo + 5Ky + 3F; (Q) 2Zo + Kv + Qz = 4An + F;
(R) 2Zo + 2Ky = Marg + 3An; (S) 4Marg = 2Zo + 3Cor + 2Kv + 3F; (T) 2Zo + Kv =
4An + Cor + V (M-T, Storre and Nitsch, 1974); (U) Anda = Sill; (F) Anda = Ky ; (TF) Ky
= Sill (U-V, Richardson, Gilbert, and Bell, 1969). Abbreviations: Zo, zoisite (Ca^Al3Si3Oi.(OH)) :
Marg, margarite (CaAMA^XD^OH^) ; Anda, andalusite (AlaSiOs) : Sill, sillimanite (ALSiOs) :
Ky, kyanite (Al2SiOs) ; Tri, tridymite (Si02) ; other abbreviations as in Table 42.
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with curve 1 define the maximum stability of pure grossularite when excess
HjO is present.
Below the temperature and pressure of
curves 6 and 6a anorthite and gehlenite
are incompatible phases and Gro + Cor
-|- Geh or Gro + Cor + An forms the
stable assemblage. The maximum stability of Gro + Cor + V is given by
curve 8, which degenerates above *S7
owing to the composition of the liquid
involved in the equilibrium as shown in
Fig. 138. Along curve E, zoisite (Zo)
forms from grossularite. anorthite, corundum, and vapor (Newton, 1965; Boettcher. 1970: Winkler and Nitsch, 1962).
Thus grossularite occurs in stable phase
assemblages of Gro -f~ An -f- Zo or Gro
— Cor -j- Zo.
The join An + Wo becomes unstable
by reactions 10 and 10a, changing to
phase assemblages of Gro + Wo + Qz
and Gro -f- An -J- Qz. Below the temperature and pressure of curve .4, Gro +
Qz — Zo assemblages will occur when the
join Gro — An is broken by Zo + Qz.
Curves M and N define the maximum
stability of margarite (Marg) and Marg

about IS^c Ti02) that can be recalculated in terms of a hypothetical
CasFe8Vri30i2 component. Although the
role of iron and titanium in these garnet
solid solutions has been studied extensively. (Zedlitz, 1933; Kunitz, 1936;
Howie and Woolley, 1968; Huckenholz,
1969; Moore and White, 1971; Dowty,
1971) , problems originating from the fact
that iron and titanium may occur in two
different valence states and possibly
three different coordination positions of
the garnet structure have not been resolved. In particular, questions to be
answered include (1) the site preference
of Fe3+ and Ti4+ in the garnet structure
and (2) the expression of the structural
state in terms of the physical properties,
such as unit-cell parameter, refractive
index, and density. A study of the site

- Qz '(Chatterjee,
1971; Velde,
1971;
Storre
and Nitsch, 1974),
respectively.
At temperatures and pressures above
curve R, margarite and anorthite are
incompatible and Zo -j- Ky forms a
stable join. The breakdown of Marg -fQz and of Marg yields Zo + Ky + V
and Zo — Cor -+- Ky -\- V , respectively
Storre and Nitsch, 1974). It is not
known yet whether grossularite might occur with margarite in stable phase assemblaf£f-. It appears, however, that Zo +
Cor is the stable join in natural assem-

(Ca3Fe3+2Si3012) -Ti-andradite (Ca3Fe3+2
Ti30i2) have been studied by Huckenholz
(1969) and Huckenholz and Yoder (1971).

blafif «.

Physical Properties of Synthetic
Titanium-Bearing Grandite Garnets
I). Virgo and H . G. Huckenholz

Natural melanites and schorlomites are
mainly andraditic grandite garnets containing large amounts of titanium (up to

occupancy of Fe3+ and Ti4+ within the
synthetic solid solution series andradite—
Ti-andradite serves as an approach
toward an understanding of the more
complex phenomena of cation distribution within the structure of natural garnets.
The phase equilibria for andradite

Andradite (Ca3Fe3+2Si30i2) incorporates
Ti4+ as a Ti-andradite (Ca3Fe3+2Ti3012)
component on the order of 54.5 wt % at
1137° ± 5°C and 1 atm total pressure
(Huckenholz, 1969). The range of solid
solution will not change drastically from
the above with decreasing temperature.
With increasing temperature, however,
the range diminishes from andradite toward the titanium-rich end member from
the value at 1137°C. At 1315°C andradite-,2Ti-andradite48 (wt %) has maximum thermal stability where it melts
incongruently to perovskite + liquid.
The absorption spectra reported in this
study are restricted to synthetic mixes
crystallized at 1050°C at atmospheric
pressure and for long run durations (30-
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155 days). Under these experimental
conditions it is reasonable to assume that
iron and titanium are in the trivalent and
tetravalent states, respectively. Optical
spectra of the synthetic Ti garnets do
not show the presence of divalent iron or
trivalent titanium (Bell and Mao, personal communication) .
Physical Properties
The physical properties, such as unitcell parameter (and cell volume), refractive index, and density, measured for
garnets along the join andradite— Tiandradite do not reveal any unusual features that might account for a certain site
preference of ferric iron and titanium
within the structure. The unit-cell parameters taken as the average of the garnets that were crystallized along the join
at temperatures of 1100°, 1175°, 1225°,
1280°, and 1300°C show a linear increase
from andradite (12.054(2) A; Huckenholz and Yoder, 1971) toward the titanium-rich end member that is of the
order of 0.0039(5) A per mole % (Table
43) . The similarity of the bond distances, Fe3+-0 and Ti4+-0 (6-fold), both
of which are presumably larger than the
Si4+-0 bond length, accounts for the increase of the cell parameter and the cell
volume. It should be noted, however,
that slight differences in the unit-cell
parameters are found for garnets having
a constant bulk composition when
quenched from various temperatures.
Their unit-cell parameter increases
slightly with increasing temperature. As
an example, andr66.7Ti-andr83.3 (mole %)
has an average a0 of 12.186 ± 0.004 A.
However a0 is 12.179 A quenched from
1100°C; 12.183 A from 1175°C; 12.187 A,
from 1225°C; and 12.191 A from 1280°C.
These differences in the cell dimensions
are larger than the errors of the measurement, which are of the order of ±0.003 A
(Huckenholz, 1969). The results could
be explained by the displacement of cat-

427

ions to vacant sites in the crystal structure.
The refractive indices of gamete along
the join andradite-Ti-andradite were obtained by phase-contrast
microscopy.*
Although the refractive index increasewhen Ca.'-jFe^TiaO^ is incorporated into
andradite (the slope of the curve in Fig.
142 is 0.0043 per mole %), the increase is
not linear: It shows a slight negative depression for Ti-andradites low in titanium (<15 mole % Ti-andradite).
Refractive indices for isotropic crystals
can be calculated by means of the Gladstone-Dale equation (Jaffe, 1956) or the
Lorentz-Lorenz equation (McConnell,
1964). Suitable agreement between refractive index and that calculated by
means of the Lorentz-Lorenz equation
could be achieved only for pure andradite
(Table 43). The Lorentz-Lorenz equation requires knowledge of the ionic refractivities for the atoms present in the
structure. Data for Ti4+, however, could
not be found, but a calculation using the
chemical composition, measured refractive index, and cell size of ten garnets
crystallized along the join andraditeTi-andradite yields a value for its ionic
refractivity of 7.98 ± 1.31. The value
calculated from perovskite is 7.69. The
difference between the measured and calculated curves for the refractive indices
is probably due to uncertainties of the
ionic refractivities reported in Table 43
rather than to some significant differences
in physical properties. L'ncertainties in
parameters used for the Gladstone-Dale
equation might also account for its large
deviation from the measured emwe for all
compositions across the solid solution
series.
Owing to the very fine-grained size of the
garnets, density measurements were difficult to carry out by means of the pycnometer method. Results were achieved
* We are greatly indebted to Dr. L. Masch.
University of Munich, Germany, who kindly
measured the refractive indices of the garnets*.

(73

428

CARNEGIE

INSTITUTION

GO
—

h, rr t

Q

N

iO c

u

c

p q q q

^ w li- x 5

O

iO

Q

cm cm cm cm
00

QO

o
CM
<-<-,

oe3

cj

o

O

X

co
— < r^ ^ — —
noHeotQN

CM

t^ h- oo rf os c^

o

^ c CO ''t >o N
— « cm cm cm cm cm

s-,
o
CM

su

°CM<

T3

<
W W W Tf •'t ■*
X
x

Ci c
oc
33 cm
05 *e
os t^os

*C lO CO CO lO
C

M

O
t^

o3

iO CD N

CP
t-t

cm cm cm cm cm
pop©©

bfi

cc

-ex
oc oo oo

CO CO CO

CO

cd

00 M N
CO t-~ CO
CO CO CO

oq oo oo
00
CO

c

cu
a;
q
>o
o CO >
53

to
N
00
CO

N05
00
CO

O
00
00
CO

"*
00
00
CO

Nrt<
00
CO

a>

00
oo
CO

*a
CO

■J

o30)
<D

83

N^ S -H
05

't'OtiNCiOOOW^^OClO
°< — i-iO'rcMddrodcMt^cM©

^lOtONXacsOONNCOt
t^ N n N N N N * 00 00 00 00 00

a

o

H

o ~
OS

N 93 CM CO
"^oococoioco'^fO^'^t^oO't

o
xi
q

^CMCMCMCMCMCM'CMoicMCMCMCM

M
o
q

iSCOOONtONOOHNcOiO
Cqc-H"-H««NIN(NIN

w

b£

— Ph cm

BJ

©COCMCC©cO~-fCO©0©©iO
C W l> C iO C CO ^ O " rt ^- 1 CO

©©©©©©©©i-5'-<'"-ii-irH

c<3
03

O

sdr.
05
X\

a

O

a

73

Cb

q

>

>H

q
PQ
£
6 "<*
O OS
co
q
q
cu

q *

r, to

- x <m
x S N qa >o C CO 00 O OS 05 00 CO
■ -^ 'l L^ 1" CO - O CI- CO iC -f

X

73

ft. Jo
71

w

.

M
a

p CO -r — CM >0 CO CM I- CM — i
05 co oc co oo d co d co i> cm
— — oi cm co co -t -r -f io

cX

o 00 73 fe
Cb '^

cm oi cm cn i cm cm cm cm i-h .-!! th .-h

I?

«07

0)

o +5

0

■«s$ Ocv^ So
CI

+J

o cq

.„-

"S o

05 X
iO
«fl c '' o oi ic co co o 'O
— oi oj co co co -r -r us »o

O

£00
05

S Tfl

.5

>6Ml Scb dv< **

429
GEOPHYSICAL

LABORATORY

>v
12.25

1850

X

-

1840
1830

12.20

- 1820
-

Qo.A

-JI790
1800

12.15

//v

-

12.10

i

i

Andradite

i

i

i

10

i

i

i

i

i

i

i

20
30
Mole per cent

(Ca,Fe+o3SuO,?)

1780
-1760

- /*

9'
ac I/
V\

-1770

40

i

i

,A~
1810 V

i

50
Ti-Andradite — =
:a3Fe+23Ti30l2

Fig. 142. Unit-cell parameter, unit-cell volume, density, and refractive index of andradite-Tiandradite solid solutions. For data see Table 43. Solid circles for densities and the solid curve for
refractive indices both refer to measured samples ; long dashed curve gives data calculated by
means of the Lorentz-Lorenz equation ; long-short dashed curve, those calculated by means of the
Gladstone-Dale equation. All curves are least-squares fits.

for compositions of andrioo, andr23.i, and
andr40.2 (mole %, Table 43). These
values are in agreement with calculated
values using the chemical composition
and cell size. The density increase from
andradite toward the Ti-rich end member
is about 0.0004 per mole %.
It should be noted that the physical
properties of natural Ti-bearing grandite
garnets do not match those reported here.
Plots of unit-cell parameter, refractive
index, or density versus weight percentage of Ti02 of natural melanites and
schorlomites (Kunitz, 1936; Howie and
Woolley, 1968; Dowty, 1971) give significantly lower values than those for

the synthetic solid solution series. The
presence of other cations in the natural
grandite garnets in addition to Ca. Fe3~,
Ti4+, and Si will change these physical
parameters.
State and Location of Iron in Synthetic
Garnets by 57Fe Mossbauer Spectroscopy
The 57Fe Mossbauer spectra were recorded at 298° and 77 °K using techniques previously reported (Virgo, Year
Book 71). The hyperfme parameters,
quadrupole splitting, isomer shift, and
intensity ratios are given in Tables 44
and 45.
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TABLE

44. Quadnipole Splitting. Isomer Shifts, and Line Widths of Spectra of
Synthetic IV* Garnets at 298° K
Splitting,

High

Low

mole ^c
Ti-andradite

I-fold

C'ar.Zr.-SiFe.Or;
0
18.4
23.1
28.2
33.3
40.2
47.2

0.27

Velocity

Velocity

Isomer

1- and

6-fold

mm
4-fold

G-fold
0.2S
0.25
0.35
0.34
0.34
0.35

0.25
0.32
0.33

0.35
0.31
0.31
0.31
0.34
0.32

mm/

Shift, f

Line Widtl

Sample,

INSTITUTION

0.34
0.34
0.34
0.34

Quadrupole
6-fold
/see

0.19
0.16
IS*

0.34
0.36

0.17
0.18
0.20
0.19

0.40
0.41
0.41
0.41
0.40
0.41
0.39

4-fold

sec
6-fold

1.05
1.18
1.19
1.19
1.17
1.14
1.13

0.55
0.68
0.70
0.72
0.73
0.72
0.73

"Average of left- and right-hand side fits to the data.
tRefers to metallic iron at 29S°K.

The absorption spectra of andradite
and kimzeyite I Ca.xZr^FeoSiOG) shown in
Fics. 143 and 144 each consist of a single
absorption doublet. In andradite, the
doublet Bi-B2 is assigned to Fe3+ in the
octahedral sites (Bancroft, Maddock,
and Burns. 1967; Novak and Gibbs,
1971 i . For kimzeyite. the doublet Ax-A2
can be assigned
ordinated sites. to Fe3" in the 4-fold coThis assignment is consistent with the
suggested formula of natural kimzeyite,
Ca.^[ZrL,] iFe2Si)Or,. and the quadrupole

TABLE

45. Fe u Absorption Areas
Experimental
Condi tions
Time,

.Sample,
mole %

As

B
of Syntheticr Garnets Measured at 298° K

4-fold
site
Area Ai

Ax

% Fe3+f in
Absorption Areas*

days

Ti-andradite
Ca-;ZrjSiI'V
0
18.4
23.1
28.2
33.3
10.2
40.2
47.2

splitting and isomer shift are in agreement with the values reported for the
rare earth iron garnets (e.g., Nicholson
and Burns, 1964) . More important, it is
suggested from the hyperfme parameters,
quadrupole splitting, and isomer shift
that Fe3+ in 4- and 6-fold coordination
sites can be distinctly resolved in the
spectra of garnets containing ferric iron
in both types of sites. Furthermore, the
intensity ratios (Table 45) show that
the areas under the distinct peaks of each
doublet are equal (Table 45, column 7).

1250
°C
T,
1050
1 050
1 050
1 050
1 050
1 1 30
1050
1 050

7
155
58
105
58
88
70
68
30

A2B2

AreaA-B
Area

A,+Bx
0.0414
0.0138
0.0132
0.0155
0.0165
0.0165
0.0241
0.0257

0.0297
0.0388
0.0335
0.0317
0.0279
0.0199
0.0239
0.0179

0.02964
0.0415
0.0519
0.0449
0.0461
0.0435
0.0359
0.0435
0.0443

0.99
LOO
0.99
0.97
0.98
0.98
0.98
0.91
1.01

Area
A^+By
100
0
26.20
28.21
32.83
37.10
45.34
50.20
58.83

Mi. B- are the low-velocity Fe84 (4-fold) and Fe3+ (6-fold) absorption peaks, respectively. A2B2 is
the high-velocity composite absorption peak.
fTetrahedral I <••• rite occupancy is the product of % Fe8+ in 4-fold site and 2(Fe3+/12 O atoms).
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On this basis, the absorption spectra of
the synthetic Ti garnets will consist of
two overlapping absorption doublets, and
the assignment of doublets to Fe3+ in the
crystal sites can be made unambiguously
(Fig. 145). Specifically, the more intense
high-velocity peak is a composite of
Fe3+ in 4- and 6-fold cation sites. In the
spectra of the synthetic samples analyzed
in this study, divalent iron was not detected (cf. Fig. 146).
The site occupancy values determined
from the absorption spectra are plotted
in Fig. 147. In this plot, silicon is assumed to occupy the 4-fold sites and Ti4+
occupancies are calculated by difference,
assuming that the garnets are chemically
stoichiometric. In the calculation of the
Fe3+-site occupancies, the area under a
doublet is proportional to the percentage
of iron in the specific site. This number
is recast into a site occupancy value by
.000
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Fig. 143. 57Fe Mossbauer spectrum of andradite at 298 °K. Solid line is a least-squares fit
assuming two Lorentzians (six line variables,
one background variable). The bar Bi-B2 designates the absorption doublet due to Fe3+ in the
6-fold coordinated site.
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Fig. 144. 57Fe Mossbauer spectrum of kimzeyite at 298 °K. See also legend for Fig. 143. The
bar Ai-A2 designates the absorption doublet due
to Fe3+ in the 4-fold coordinated site.

equating the percentage to the product of
total iron per formula unit.
A more important assumption in the
analysis of Ti garnets stems from the
overlap of the high-velocity peaks. It is
implicit in the calculations of area ratios
used in this study that the spectra can be
fitted to three absorption lines of Lorentzian line shape. On this basis, the
area of the peak A2-B2 should be the sum
of the areas of the peaks A1 and B1. This
assumption is approximately realized because the area ratio A2B2/{A1 -f- B±) is
close to unity in all cases (Table 45) .
From Fig. 147 it is evident that the
cation imbalance on the 4-fold sites,
brought about by chemical substitution
of Si4+ by Ti4+, is compensated by the
concomitant substitution of Fe3_. with
Ti4+ substituting on the octahedral sites.
However, the compensation is not complete at 1050°C, and some Ti4" also occupies the 4-fold sites. The tetrahedral
substitution of Ti4+ corresponds to ~17rc
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join at 1050°C. It is also of interest that
the result of an experiment at 1130°C for
70 days (Table 45) suggests that with
increasing temperature, Ti4+ is increasingly ordered on the 6-fold sites.
In conclusion, the results for synthetic
Ti-garnet solid solutions have provided a
basis for understanding the role of titanium in the crystal chemistry of the garnet structure. Also, present indications

-9-4 v_
.0

4.0
-2.0
.0
2.0
VELOCITY
mm/sec

Fig. 145. :,TFe Mossbauer spectrum of Ti-andradite (47.2 mole K Ti-andradite) at 77°K.
Solid line is a least-squares fit assuming three
Lorentzians (18 line variables, one background
variable). The bars A^-A* and Bi-B2 designate
the absorption doublets due to Fe3+ in the 4and 6-fold coordinated sites, respectively.

of the total Ti per formula unit for sample AS- 12. This degree of proportionality
might be different for the synthetic samples containing less than 20 wt %
Ca3Fe2Ti8012 i~8.5 wt % Ti02). In
fact, for sample AS-10, the intensity
ratios determined from the absorption
spectra and a calculated value that would
exclude 4-fold coordination of Ti4+ (approximately 27.6% Fe3+) are close to the
experimental error in the 57Fe Mossbauer
technique. The results yield a site-preference model of the form

the Ti4+ site occupancy in the garnet structure has previously been unresolved. Al.000

.045

.090

■4.0

4.0
-2.0
VELOCITY

Caa [Fe»Vy Ti*+y]

!>•% Ti4+X

are that the Fe3+, Ti4+ exchange between
crystal sites might be used as a mineral
geothermometer. However, the natural
garnet equivalents to these synthetic
samples contain Al2Oa as well as mixed
valence states of iron and titanium (e.g.,
Moore and White, 1971; Burns, 1972).
Perhaps for these reasons, the question of

Si^3-x-y)

012,

where the bracket- and parentheses refer
to the octahedral and tetrahedral sites,
respectively, for the chemical substitution across the andradite— Ti-andradite

.0

2.0

mm/sec

Fig. 146. Mossbauer spectrum of a synthetic
ferri-diopside at 298° K (DiwFtSio, Huckcnholz,
Schairer, and Yoder, Year Book 66). See also
legend for Fig. 145. The high-velocity absorption peak of Fe2+ is indicated (the Fe2+ absorption doublet was not included in the leastsquares fitting procedure).
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Number of cations in four -fold site

A 'j 'j

Si

Number of cations in six-fold site

.3*

Ca3Fe2Si30|2

Mole per cent Ca3Fe2Ti3Ol2

Fig. 147. Si4+, Fe3+,Ti4+ site occupancy versus mole percentage of Ti-andradite. Solid lines designate an approximately linear trend of site occupancy with composition. Dashed line refers to Fe3"
site occupancy of the tetrahedral site, which would exclude Ti4+. Error bars refer to the different
tetrahedral site occupancies determined from the ratios area A/ (area Ai + -Si) and 2- (area Ai) /
(area Ax + B± + A2B2) ; see text.

ternatively, the differential site preference of Ti4+, Fe3+, and Al3+ for the 4- and
6-coordinated sites as well as the
temperature effect on elemental partitioning between these sites must be
studied.
The Alleged Skiagite Molecule in
Garnet from Two Type Localities
in Scotland
D. Virgo and H. S. Yoder, Jr.

The name skiagite was proposed by
Fermor (1926) for the end member of
garnet having the composition 3FeOFe203-3Si02. It was believed by him (p.
202) to occur "to the extent of nearly
20% in the 'Spessartite' garnet of Glen

Skiag* in Scotland." The Scottish locality was described by Heddle (1878,
pp. 315-316) as "from the railway cutting at Glen Skiag, west of the Raven's
Rock, Strathpeffer, Ross-shire." A specimen (British Museum No. 188/224) from
the same locality (National Grid reference, NH 458 609), supplied through the
courtesy of Dr. P. G. Embrey of the
British Museum (Natural History) . was
collected by Sir Arthur Russell in 1935.
(According to Dr. H. Macpherson of the
Royal Scottish Museum, it is not permissible to remove additional samples
from the railway cutting.) Another speci* Referred
as "Glensgaich"
nance Survey tomaps.

on the

Ord-
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TABLE

46. Chemical Analyses oi the Glen Skiag and Loch Garve Garnets

Glen Skiag

SiO:
A 1.0;
Fe 0 ,

FeO
MnO
CaO
MgO
HO

8.638

15.24

0.403

0.471
0.249
100.482

Loeh Garve

35.8
20.8

35.99
16.221
28.27

INSTITUTION

FeO =31.04

2.057
2.027
1.741

1.191
17.2
0.03(
0.44
0.38
25.3* 0.04(
D.d.

3.027

M \)

30.153
21.035
15.15
15.085
7.846
2.067
1.615

36.2 2.967
20.8 2.016
FeO = 28.72

30.6* 2.093
10.5
0.46 0.730
0.038
1.4 0.166

0.31

I( 3.027
J

n.d.
100.0

100.161

"Iron calculated as FeO.
a. Wet ehemieal analysis (Heddle, 1878).
b. Electron microprobe analysis. TiO_> and Cr203 were below the detection limits.
c. Formula on the basis of 12 oxygens.

men ( British Museum No. 188 214) was
also supplied from a boulder at a second
locality mentioned by Heddle (1878, pp.
316-317 1 and described by Russell as,
"CoilPaD Achaidh Mhoir, Loch Garve,
Ross and Cromarty, Scotland" (P. G.
Embrey. personal communication). The
mineral assemblage and color of the garnet are in accordance with Heddle's description of the Black Water, Loch
Garve. locality (National Grid reference
6091.' of these two garnet samNHNew405 analyses
ples have been obtained using the electron microprobe and 57Fe Mossbauer
spectroscopy. The electron microprobe
and the original wet chemical analyses
are compared in Table 46. A major discrepancy isevident in the R20^ oxides of
the Glen Skiag garnet, and it is reasonable to suggest that this is due to a nonsystematic error in the wet chemical technique Both garnet analyses determined
by the electron microprobe can be balanced in terms of the stoichiometric garnet formula, assuming that the iron is
divalent (Table 46, column c). This result implies that either there are large
errors in the original analyses of the iron
oxidation stare or the original iron oxidation state was changed when the garnets
were taken into solution for wet chemical
analvsis.

In order to test the assumption that
the iron measured by the electron microprobe isessentially
all Fe2+,
precisestate
meas-in
urements of the iron
oxidation

.000

.080

160

4.2

4.2
-2.1
VELOCITY

.0

2.

mm/sec

Fig. 148. "Fe Mossbauer spectrum of Glen
Skiag garnet at298°K. Solid line is a least-squares
fit assuming two Lorentzians (six line variables,
one background variable). The horizontal bars
designate the positions of the absorption doublets for Fe3+ in the tetrahedral and octahedral
positions of kimzeyite (Ca3Zr2Fe2SiOfl) and andradite (CarJ^Sy}^), respectively.
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both garnets were made by r,7Fe Mossbauer spectroscopy. The spectrum of the
Glen Skiag garnet at 298°K (Fig. 148)
shows a single absorption doublet and is
characterized by a large quadrupole
splitting (Table 47) . These values of the

microprobe analyses can be recast in
terms of the spessartinc and almandine
molecules with minor amounts of gro.ssular and pyrope. The absence of the
skiagite molecule in garnets from this
type locality suggests that it may not

quadrupole splitting give proof of Fe2+
in the 8-coordinated site of the garnet
structure (Novak and Gibbs, 1971). The
hyperfine parameters in Table 47 are in
agreement with the values reported for
natural almandine by Bancroft, Maddock, and Burns (1967) and Prandhl and

occur in nature. Fermor (1926) also reported, however, the occurrence of 2b%
skiagite molecule in a garnet from a massive quartz-garnet rock from Hazaribagh,
India. Attempts to obtain this material
have not been successful.
Experimental evidence pertaining to

Wagner (1971). In comparison, the Fe3+
absorption doublets in the octahedral and
tetrahedral sites of andradite and kimzeyite (Virgo and Huckenholz, this Report) are, respectively, A = 0.55, IS =
0.40, and A = 1.04, IS = 0.19. The velocity positions of the octahedral and tetrahedral Fe3+ doublets are superimposed on
the spectrum in Fig. 148. It can be seen
that resolution of the absorption peaks
due to Fe2+ and Fe3+ would be anticipated from the 57Fe absorption measurements of garnet with significant mixed
valence states of iron. Quantitative
analyses of garnet spectra containing Fe3+
in 4-fold and 6-fold coordination sites
together with Fe2+ in the 8-fold site are
difficult because the low-velocity component of the Fe3+ doublet in tetrahedral
coordination overlaps the low-velocity
Fe2+ absorption peak. The deviation of the
least-squares-fit line from the data points
around zero velocity might suggest a
trace of Fe3+.
In summary, iron in the Glen Skiag
and Loch Garve garnets is in the divalent
state, and on this basis the electron

the nonexistence of the skiagite molecule
in garnet is suggested from the T-f(hi stability limits of almandine (Hsu, 1968).
In that study, it was concluded that almandine probably breaks down with increasing /0.2 before an appreciable amount
of Fe3+ is substituted in the garnet structure. At low oxygen pressures, Fe3~
would go into magnetite rather than into
the garnet structure. A contrasting line
of evidence is offered from the observations of Huckenholz and Yoder (1971)
on the experimental studies of Ernst
(1966) that pertain to the breakdown of
ferrotremolite. These results show that
with increasing oxygen fugacity ferrotremolite decomposes to hedenbergite -fquartz + magnetite and then to andradite + quartz with either magnetite or
hematite. The presence of a mixed valence state of iron in andradite in the
assemblage andradite -f- quartz -f- magnetite is suggested, and Huckenholz and
Yoder (1971) inferred the presence of the
skiagite molecule in these synthetic andradites from their physical properties.
cell dimension, and refractive index. Xa-

TABLE

Sample
Glen Skiag
Loch Garve

47. Quadrupole Splitting, Isomer Shifts, and Line Widths of Spectra
of Two Natural Garnets at 298 °K
W idth
High
Quadrupole
Velocity
Low
Splitting,
Velocity
Isomer
Shift,*
mm/sec
mm/sec
3.53
3.50

*Ref erred to metallic iron at 298°K.

1.29
1.28

0.28
0.27

0.25
0.25
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tural occurrences oi coexisting andradite
and hedenbergite are reported in skarn
rocks i see references in Huckenholz and
Voder. 1971; Burt. Year Book 70, pp.
178-184). Also, it has been suggested
that andradite and wollastonite crystals
occurring on the interior walls of cavities
in the matrix oi the Allende meteorite
can be attributed to an oxidation process
involving hedenbergite (Fuchs, 1971).
Quantitative analyses oi the redox state
of iron in the synthetic and natural examples ofthis mineral pair appear worthwhile.
The Join AkehmaniteFerroakermanite
F. Seijert
The melilite group of minerals has in recent years been recognized as a key phase
in the genesis of some critically undersaturated magmas, thereby attracting
the interest of experimental penologists
(cf. Yoder, 1973). Melilites of magmatic
origin can be closely represented by the
end members akermanite (CaoMgSioOi)ferroakermanite (Ca2Fe2+Si207 ) -soda
melilite (XaCaAlSi207) ; the gehlenite
component ( Ca2 1 Al,Fe3+)2Si07) is in
general of minor importance in these occurrences (Yoder, Year Book 63, p. 87;
Sahama, 1967). The substitution Mg/
¥<■-' is the main cause of the often prominent zonation of magmatic melilites
i Sahama, 1967). Although pressuretemperature stability relations for the
end members akermanite and soda melilite and their solid solutions are well
established (cf. Yoder. 1973), little is
known about the influence of Fe2+ on the
stability of these phases. The only data
pertaining directly to Fe2+-bearing melilites on the join akermanite-ferroakermanite are the syntheses of ferroakermanite by Bowen, Schairer, and Posnjak
'1933i. Muan and Osborn 0951), and
Nurse and Midgley (1953), as well as the
study of liquidus relationships on the
join akermanite-ferroakermanite
at 1

INSTITUTION

atm by Schairer and Osborn (1950).
Nothing is known about the subsolidus
stability of the mixed crystals.
Ferroakermanite offers, in addition, interesting crystal-chemical aspects, beingone of the few silicates with divalent iron
in tetrahedral coordination. Whereas
akermanite breaks down into wollastonite
and Ca-Mg olivine (monticellite) on decrease of temperature (Harker and Tuttle, 1956; Yoder, Year Book 66, p. 473),
the Fe-+ analogue has been reported to
break down into wollastonite + Ca-Fe
olivine (kirschsteinite) on increase of
temperature! Bowen, Schairer, and Posnjak, 1933; cf. Yoder, 1973). Assuming
that no phases other than melilite solid solution, wollastonite, and Ca-olivine solid
solution appear on the join, these data
would suggest, in a T-x section, the existence of either two fields of melilite solid
solutions separated by a single field of
wollastonite + olivine and two threephase fields, or two fields of wollastonite
+ olivine separated by a single melilite
field and two three-phase fields (Fig.
149A, B). Both arrangements would require extraordinary sets of thermodynamic parameters in one or both solid
solutions involved.
Conventional hydrothermal techniques
were employed in the temperature range
600°-960°C at pressures between 0.5 and
2 kbar, with solid oxygen buffers. Starting from oxidized glasses prepared by
fusion of Fe203, CaC03, MgO, and Si02,
andradite appears in the Fe-rich part of
the join when oxygen fugacity is defined
by the QFM buffer. On the ferroakermanite composition, wollastonite + andradite is formed (cf. Burt, Year Book
70, pp. 178-188), and all or nearly all of
the iron is in the trivalent state. The
appearance of phases from outside the
subsystem wollastonite-kirschsteinitemonticellite can be prevented by imposing oxygen fugacities defined by the WI
buffer. The study of the T-x section at 1
kbar total pressure, WI buffer, showed
that with increasing substitution of Fe2+
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Fig. 149. The two possible arrangements of T-x fields in the system akermanite-ferroakermanite.
using the data reported for the end members.

for Mg the lower temperature stability
limit of melilite is increased (Fig. 150).
Arrangement B in Fig. 149 can thus be
ruled out.
All attempts to synthesize ferroakermanite or an Fe-rich melilite mixed crystal hydrothermally at low temperatures
(corresponding to the low-temperature
stability field of Fe-rich melilite in Fig.
149A) failed, the products being always
wollastonite -f- Ca olivine. In order to
exclude the possible existence of a nucleation barrier, ferroakermanite was
synthesized from the original glass of
Bowen, Schairer, and Posnjak (1933) in
an evacuated silica glass tube, using an
iron crucible, at 700 °C. In a run of 6
hours duration some 70% ferroakermanite could be produced (lattice constants
a0 = 7.900(2) A, c0 = 5.002(3) A, V0 =
312.2 (2) A3 ) . In addition, however, some
olivine and wollastonite were formed,
their amount had increased relative to

ferroakermanite after 76 hours, and no
ferroakermanite was left after 268 hours.
Whereas Bowen, Schairer, and Posnjak
(1933) did not state run duration for
their synthesis of ferroakermanite at
temperatures below 775 °C, Muan and
Osborn (1951) reported synthesis of this
phase (yields not given) at 741 °C. 50
hours, which is in agreement with the
present results. Hydrothermal treatment
of ferroakermanite at 1 kbar, 650° and
700°C, WI buffer, results in its rapid
breakdown into wollastonite + kirschsteinite. It is thus a metastable phase
under all conditions applied, and the lowtemperature field of Fe-rich melilite solid
solutions shown in Fig. 149A does not
exist at 1 kbar. The decomposition of
ferroakermanite at 1 atm. 700 °C, indicates that the same relationship is also
valid at 1 atm.
From the data obtained at 1 kbar the
subsolidus breakdown of the melilite solid
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solutions at 1 aim can be estimated,

the derived stable and metastable phase
relations on the ferroakermanite composition: Inthe subsolidus region, olivine
+ wollastonite is stabler than ferroakermanite. The two AG curves will intersect

applying to all compositions a temperature correction oi — 10°C. analogous to
that tor pure akermanite (Yoder. Year
Hook 66). These data then combine very
well with the liquidus diagram oi Schairer
and Osbom (1950) determined in the
presence oi metallic iron. i.e.. at oxygen
fugacities comparable to those used in
the present study (Fig. 151). Akermaniteferroakermanite mixed crystals are thus
stable only in a wedge-shaped stability
field, the most iron-rich compositions being cut out by the intersection of the
subsolidus breakdown curve with the beginning oi melting. Extrapolation of the
three-phase loop CaSi03 + olivine +
melilite into the liquid field indicates
that, if ferroakermanite had a stability
field, it would be located at high temperatures, close to 1300°C. i.e., above the
beginning of melting of the ferroakermanite bulk composition at 1203 °C.
In terms of Gibbs
free energy the
schematic diagram of Fig. 152 exhibits

e

▼

900

e

glass at 700 °C can be explained by a
stepwise decrease of the free energy of
the system (Ostwald's step rule). The
proposed relations are also in agreement
with thermodynamic considerations:
Ferroakermanite is expected to have a
higher vibrational entropy and thus a
higher total entropy compared with wollastonite -|-kirschsteinite, because the iron
is in 4-fold coordination in ferroakermanite but in 6-fold coordination in
kirschsteinite. Therefore, ferroakermanite, if stable, should be a high-temperature phase.
Under suitable conditions of temperature, pressure, and oxygen fugacity, up to
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at high temperature but represent metastable equilibria there due to the incoming of liquid at 1203 °C. The metastable
crystallization of ferroakermanite from
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Fig. 150. T-x diagram for the join akermanite-ferroakermanite at 1 kbar total pressure, ironwii-Tirr- buffer. Solid symbols: melilite solid solution; half-solid symbols: melilite solid solution +
wollasTonire -f olivine solid solution; open symbols: wollastonite + olivine solid solution. Starting materials are indicated by circles (glass), squares (melilite solid solution), triangles (melilite
+ olivine -r wollastonite), and diamonds (olivine + wollastonite). Data on the pure akermanite
composition taken from Yoder (Year Book 66).
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Fig. 151. T-x diagram for the join akermanite-ferroakermanite at 1 atm. Liquidus data taken
from Schairer and Osborn (1950) ; subsolidus data extrapolated from Fig. 150 (cf. text).

at least 80 wt % of the ferroakermanite
component can enter the melilite solid
solution. Melilites may thus exhibit a
range of Fe2+/Mg ratios as large as that
of other major ferromagnesian minerals.
It is interesting to note that, in more
complex silicate systems related to the
genesis of critically undersaturated magmas, melilites are brought up to the liquidus both by the presence of FeO (Schairer,
1942, p. 256) and by the presence of Fe203
(Yagi, Year Book 62, pp. 133-134).
These phases probably represent solid
solutions between gehlenite and ferroakermanite, and akermanite, soda melilite, and ferrigehlenite, respectively.
Increasing pressure will not favor the
formation of ferroakermanite because it

mole"1,
(94.01 ecm3
volume
a larger than
has Report)
+
(39.94)
wollastonit
this

Temperature

Fig. 152. Schematic ±G-T diagram for the
composition 2CaO-FeO-2Si02. Polymorphic
transitions in CaSiOs and the assemblage CaSiOs
+ liquid have been neglected.
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kirschsteinite (52.76) (Robie et al.. 1906)
and thus behaves similarly to akermanite

The Gehlenite-H20 and
\\ ollastonite-hoo systems

itself. Provided that the anhydrous "beginning oi melting" curve has. for all intermediate mixed crystals, a steeper slope
than the low-temperature breakdown
curve of melilite mixed crystals (as it has
for akermanite i. increasing pressure will
successively reduce the width of the melilite field oi solid solutions, both in temperature and in compositional range. In
addition, oxygeD fugacities higher than
those oi the WI buffer will further decrease the extent of solid solubility by the
formation oi garnet-bearing assemblages
in the Fe-rich part of the join. Iron-bearing melilites formed under higher oxygen
fugacities (e.g.. QFM buffer) will contain
some of the iron in the trivalent state, i.e.,

//. G. Huckenholz and II. S. Yoder, Jr.

will represent solid solutions of akermanite. ferroakermanite. and ferrigehlenite
I ( 'a 2Fe3 ->i07 1 or ferric soda melilite
.XaCaFe8-Si2G7).
In view of the expected decrease in the
xinmni Yc'2' Mg ratio with pressure,
ir i> likely that melilite mixed crystals
rich in the ferroakermanite component
• < • i . Sahama and Meyer, 1958) are indicative of a derivative rather than a parental magma. A study of the system akermanite-ferroakermanite-soda melilite—
ferrigehlenite or ferric soda melilite might
thus provide sensitive pressure, temperaturf, and oxygen fugacity criteria for the
condition.- of formation of magmatic
melilites and their host rocks.

TABLE

p
1 at in

1 kbar
2.5

5
6
7.5

10

One of the important end members of
the melilite group is gehlenite (Geh),
CaAL>SioOT. It forms a large molecular
proportion of melilites from metamorphic
rocks and a small proportion of those
from igneous rocks. In order to evaluate
the influence of gehlenite on the stability
of melilite and associated minerals, its
upper stability limit was determined in
the presence of excess H20. In conjunction with the study of the stability field
of grossularite (Huckenholz, this Report)
it was also necessary to ascertain the upper stability limits of pseudowollastonite
(Pwo) and wollastonite (Wo) in the
presence of excess H2O. Knowledge of
the melting of these phases and that of
anorthite (An) served as a guide in predicting the change of composition of
liquid at pressures below that of the appearance of grossularite (Gr) on the
liquidus in the system An-Geh-Pwo-H20
(see Fig. 134).
The starting material for the Ca2Al2
Si07 composition consisted of the requisite oxides crystallized at 1530 °C and 1
atm for 6 days. The starting material for
the CaSiOa composition was glass or glass
crystallized
ture of Pwo
crystals or
num tube

at 1130°C for 1 day to a mix+ Wo. Portions of synthetic
glass were sealed in a platiwith H20, in an amount in

48. Data for the Molting of Gehlenite (Geh), Wollastonite (Wo), and Pseudowollastonite (Pwo) in the Presence of Excess Water and the Inversion of
Wollastonite to Pseudowollastonite

Geh
1503

Wo

1 100
1 200
1180

. . .
. . .
. . .

1000
1020

1240
1210

Pwo

T, °C

1544
1125
1 345
1 280
1 205

Wo-Pwo
1125
1145
1170
1215
(1260)
1 235
(1300)
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Fig. 153. Projection of the three-phase curve for gehlenite-ILO. The 1 atm point is from Rankin and Wright (1915), changed to conform to the 1948 International Scale above 1550 °C.

excess of that required to saturate the
liquid. The tubes were held at constant
T and P in a modified gas-media, highpressure apparatus (Yoder, 19506). The
results are tabulated for the pressures
studied in Table 48 and illustrated in
Figs. 153 and 154.
Gehlenite formed rectangular plates,
which melted congruently up to Pu0o =
10 kbar to(Fig.
153). however,
The liquid
not
quench
a glass;
the did"
fibrous
quench product, meniscus, and other
physical properties clearly delineated the
melt region.
Minute traces of calcite

were observed and are presumed, with
reservations, to be from saturation of the
H20 with C02 from the air. Boiling the
distilled H20 before loading did not completely eliminate the calcite. Neither the
quench product nor the primary gehlenite
was hydrated, according to optical and
x-ray observations; that is. no bicchulite
(Henmi et al., 1973) was produced. The
present results are not consistent with
those of Boettcher (1970, pp. 350 and
361). He indicated that gehlenite was
stable at 1080°C, 10 kbar, and 1075CC.
20 kbar, in an excess of H20.
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with rare traces of glass. The Pwo-Wo

Both wollastonite and pseudowollastonite melt congruently iFig. 154). The
crystals oi wollastonite wore elongated
and commonly twinned, whereas those oi
pseudowollastonite were blocky and not
twinned. The twinning of wollastonite
does not appear to be related to an inversion to parawollastonite. The quench
product oi the liquid above 7 kbar consisted of long, fibrous wollastonite; below 7 kbar. it was essentially all Pwo of
irregular habit and undulatorv extinction

inversion curve originates at 1125° ±
10°C and 1 atm (Osborn and Schairer,
1941) and extends through the invariant
11

point at 1250°C and 7.0 kbar. The slope
is 17.8°C/kbar. The Pwo-Wo curve is
somewhat lower than that extrapolated
by Kushiro {Year Book 63, p. 84) from
data in the region 12-23 kbar; however,
the data, particularly in the contiguous
pressure region of 12—18 kbar, are compatible with the new curve below 10 kbar.
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The change of composition of liquids
with water pressure in the Geh-An-WoH20 system is important to an understanding of the stability of grossularite.
In general, the change of composition
with pressure of the univariant liquid of
a simple hydrous system is usually in the
direction of the phase whose melting temperature is depressed the most by the
solubility of H20 in its liquid. The melting curves of An, Geh, and Wo (Pwo) in

the presence of excess water are compared in Fig. 155. Geh has the greatest
depression of melting temperature with
water pressure, and it is concluded, therefore, that the univariant liquid in the
quaternary system will move in the direction of gehlenite. Huckenholz (this Report) has demonstrated that this general
guide is useful in estimating the change
of composition of liquid at pressures below that of the formation of grossularite.
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Microscopic and Electron Diffraction
Study of Fibrolitic Sillimanite*
P. M. Bell and G.Nordl
The mineral sillimanite (Al^SiOs;
space group Pbnm) was named after
Benjamin Silliman in 1S24 for the hightemperature form of aluminum silicate.
and since then the name has been used
synonymously with fibrolite. a variety
with a fibrous habit (Deer, Howie, and
Zussman, 1962. p. 123). Varieties were
known before 1824. however, with the following distinction: Sillimanite has a
weight ratio AUCV'SiOo = 1.6, whereas
the corresponding ratio for fibrolite was
reported to be 1.5. Furthermore, fibrolite was described as a rock, ''a compo* The authors are indebted to the U.S. Steel
Corporation for time on the million-volt electron microscope and to the National Aeronautics and Space Administration for grants NGL
09-140-012 and XGL 36-027-057.
t Division of Metallurgy, Case Western Reserve Universitv. Cleveland. Ohio 44106.
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nent part of the granite (complex) ," by
Phillips (1823) , not as a mineral.
Fibrolite gives an x-ray diffraction
pattern identical with that of sillimanite
and is often used in experiments on metamorphic reactions and in thermochemical
studies (Richardson, Bell, and Gilbert,
1968). An incorrectly assumed designation of fibrolite might therefore cause significant errors in the thermochemical
basis for metamorphic reactions involving sillimanite. In the present study, a
sillimanite sample from Brandywine
Springs, Delaware (U.S. National Museum No. R 3732), originally separated
at the Geophysical Laboratory for
thermochemical study, was analyzed by
microscope, electron probe, transmission
electron microscope, and electron and
x-ray diffraction. Aliquots of this sample
have been used in virtually every reported thermochemical study of sillimanite (Robie and Waldbaum, 1968; Holm
and Kleppa, 1966) , because of its freedom

Fig. 156. Photomicrographs of a grain of fibrolite selected for transmission electron microscopy
'440/ ). (A) Reflected (Xomarski contrast) and (B) transmitted light.
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from minor impurities. The purpose of
the study was to examine the sample for
fibrolite and to determine its properties,
as they may be significant in evaluating
thermochemical data and in determining
the origin of fibrolite.
Microscope, X-ray Diffraction, and
Electron Microprobe Analysis
The Brandywine Springs sillimanite
used in experimental studies was observed to be of the fibrous variety in part
(Richardson, Bell, and Gilbert, 1968) .
Most crystals were clear, but a fraction
contained what appeared as a mass of
fibrous intergrowths, barely resolvable
under a petrographic microscope. Further examination by point-counting 252
grains (mean grain size approximately
250 fxm) in three traverses showed that
29% of the grains contained fibrous portions observable in reflected light. The
"fibers" appeared intergrown in widths
of 0.5 to 1.0 /mi and tens of micrometers
long.
The powder x-ray diffraction data gave
cell parameters very close to those reported by Skinner, Clark, and Appleman
(1961) for sillimanite. They are as follows: a = 7.479(2) A, b = 7.670(1) A,
c = 5.770(1) A, V= 331.0(1) A3 (Richardson, Bell, and Gilbert, 1968). A weak
diffraction line at 26 = 26.67° for CuKa,
close to the spacing of the (101) line of
aj-quartz, was observed in all patterns,
but its identification was uncertain. Free
quartz was observed to have grown in all
experimental products in the previous
study (Richardson, Bell, and Gilbert,
1968).
The fibrous zones within single crystals
of the Brandywine Springs sillimanite
were examined by electron microprobe.
Even though single fibers could be resolved in the electron beam (focused to
0.5 /mi diameter) by observing cathodoluminescence and back-scattered electron
counts, the volume in which x rays were
excited was too large to avoid sampling
the host sillimanite.
An increase in

counts of silicon x rays was. observed on
scanning across a fiber, yet it was not
possible by this technique to confirm that
the fibers were silica.
Transmission Electron Microscopy
Fibrous grains of Brandywine Springs
sillimanite were potted in plastic, made
into a doubly polished thin section (^15
/mi thick), and thinned to electron transparency (<5 /xin) by ion bombardment.
The thinned areas were examined in the
1 -million- volt transmission electron
microscope at the U.S. Steel Research
Laboratories, Monroeville, Pennsylvania,
after preliminary study by reflecting
microscope. Figure 156 shows reflected
and transmitted light photomicrographs
of a grain selected for electron microscopy. The tenuous curvature of the fibers
is typical. Figure 157A shows an electron
photomicrograph of a section in which
a-quartz and sillimanite lamellae were
identified by electron diffraction, described below.
Figure 157B shows an electron micrograph in which sillimanite lamellae coexist in a quartz matrix. Quartz suffers
radiation damage, and so-called black
spots appear, whereas sillimanite remains
undamaged. The interference fringes
(moire patterns) are caused by double
diffraction of the electron beam as it
passes through overlapping quartz and
sillimanite. Crystallites of apparently
terminated sillimanite are observed to
project into a matrix of quartz. This texture may result from a difference in surface energy and is consistent with the
positions of sillimanite and quartz in the
crystalloblastic series. The crystal terminations of sillimanite in quartz are apparently not caused by exsolution processes and suggest independent, simultaneous crystallization of both phases.
Electron Diffraction
Various inclusions were analyzed by
electron diffraction of the incident 1000

4
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_ 157. Transmission electron micrographs of lamellae of sillimanite (dark) and quartz (light)
interference fringes.

kV beam. Figure 158 shows two diffraction patterns of the single quartz crystal
shown in Fig. 157. The indices were based
on a-quartz and appear consistent with
that pi i.

Conclusions
The data described above suggest that
the fibrolitic parts of the Brandywine
Springs sillimanite are technically rocks,
not
minerals.
Simultaneous
crystal
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Fig. 157. (B) Radiation damage in quartz.

growth of sillimanite and quartz is observed, probably indicating that a reaction occurred, rather than simple polymorphic inversion. Field occurrences of
sillimanite grown on kyanite are rarely
reported, and possibly sillimanite formation is more easily achieved by reactions

such as those involving muscovite or
muscovite plus quartz (Richardson. Bell.
and Gilbert, 1968) .
The existence of quartz makes the
Brandywine Springs sillimanite less than
desirable for thermochemical studies, unless nonfibrous grains are selectively
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Fig. 158. Electron diffraction patterns of quartz shown in Fig. 157.

chosen. The errors introduced are dependent on the amount of quartz, which
is difficult to estimate accurately. Thin
fibers occupy less apparent volume than
larger crystals. The rate of solution in

heat-of-solution measurements would be
more seriously affected than the heat
capacity, and it would be advantageous
to repeat the measurements with pure
sillimanite.

EXTRATERRESTRIAL PETROLOGY
AND GEOCHEMISTRY
METEORITES
Experimental Studies on the Allende
Choxdrite and the Early Evolution
of Terrestrial Planets
/. Kushiro a in] M. G. Seitz

Melting experiments have been carried
out on the Allende carbonaceous chondrite to aid in the understanding of the
early evolution of planets of chondritic
composition. The results indicate that
ferrobasaltic melt, Fe-Ni sulfide melt,
and olivine with or without pyroxene coexist over a wide pressure and temperature range under the applied experimental condition-. Separation of these phases
will produce a layered structure consisting of an Fe-Ni sulfide core, an olivine-

pyroxene layer, and a basaltic layer, a
sequence that is similar to the layered
structure of the earth. For a more realistic discussion, the effects of H20 and
fugacities of oxygen and other volatile
components must be taken into consideration.
The Allende type-Ill carbonaceous
chondrite has been most extensively
studied because of its unique mineral assemblages (e.g., Fuchs, 1969; 1971;
Clarke et al., 1970) including possible
early-condensed phases from the solar
nebula (Grossman and Clark, 1973) and
its unusually large mass. There have
been virtually no experimental studies
on the Allende chondrite or any other
chondrite, however, except for a prelimi-
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nary melting experiment on the Allende
Ca- and Al-rich inclusion (Marvin,
Wood, and Dickey, 1970). To elucidate
the early differentiation processes of
planets, melting experiments have been
carried out on the Allende chondrite in
the pressure range 5 to 27.5 kbar and in
the temperature range 950° to 1380°C.
The results of these experiments have
been reported, and the compositional
relation between the Allende chondrite
and the moon discussed (Seitz and Kushiro, 1974). These experimental results
are briefly reviewed, and a new interpretation of the results is presented in this
Report.
The Allende chondrite is very heterogeneous; however, the composition of the
silicate portion of the bulk sample
(Clarke et al, 1970), after 4.73 wt %
oxygen is subtracted, is very close to that
of a peridotite inclusion from Salt Lake
Crater, Hawaii, derived from the upper
mantle of the earth (Seitz and Kushiro,
1974). The high-pressure experiments
were carried out in solid-media, highpressure apparatus with graphite capsules
(anhydrous runs) and with Ag-Pd capsules (hydrous runs with H20 contents
10-22 wt % ) . The fugacity of oxygen
/<)., in the anhydrous run is probably
slightly higher than that of the ironwtistite buffer (Thompson and Kushiro,
Year Book 71 , pp. 615-616) , and that in
the hydrous run is probably close to the
/o2 of the Ni-NiO buffer.
The results of the melting experiments
on the bulk sample, including metallic
phases, of the Allende chondrite are
shown in Fig. 159. The solidus of the silicate phases increases from about 1260°C
at 5 kbar to about 1350°C at 20 kbar.
The slope of the solidus (■— 6°/kbar)
is much smaller than that of the peridotite inclusion from the Salt Lake Crater
{<— ll°/kbar) (Kushiro, Syono, and
Akimoto, 1968) , and the solidus temperature is also lower than that of the Salt
Lake peridotite at pressures higher than
5 kbar. The difference in the solidus tem-

perature may be due to the higher iron
content of the Allende bulk sample. The
sulfide phase begins to melt at temperatures much lower than the silicate solidus.
The composition of the sulfide phase
(melt) formed at 1350°C and 20 kbar is
Fe, 47; Ni, 25; S, 24; Co, 0.5 wt % . Such
a sulfide should begin to melt at about
1000°C at pressures from 1 atm to at
least 30 kbar (Kullerud, Year Book 62,
pp. 175-189; Brett and Bell, Year Book
67, pp. 198-199) . The sulfide phase tends
to aggregate with increasing temperature,
and at 1350°C and above it forms spherical globules.
Above the silicate solidus, olivine, spinel, silicate melt, and sulfide phase (partially or completely molten, depending
on temperature ) coexist. A small amount
of clinopyroxene is observed near the silicate solidus. The composition of the silicate melt formed at 20 kbar and 1350 °C
(^25% melting) is as follows: Si02,
40.8; A1203, 13.2; Ti02, 0.7; FeO, 24.4;
MgO, 6.2; CaO, 13.2; Na20, 1.6; K20.
0.1 wt %. The coexisting olivine is FoTi.
The composition is ferrobasaltic and is
similar in some respects to those of some
achondrites. It is also similar to the
compositions of some lunar mare-type
basalts, although Ti02 is significantly
lower and Na20 is higher.
These melting experiments, producing
crystalline silicates (olivine with or without pyroxene), Fe-Ni sulfide melt, and basaltic melt, might be similar to the melting
processes that occurred in the early stage
of the evolution of terrestrial planets
such as Venus, Mars, the earth, and the
moon. If separation of these phases took
place effectively under a gravitational
field, a layered structure similar to that
of the earth could have been formed. The
present experiments suggest that the core
of the earth may contain significant
amounts of both Ni and S if the similarity in the composition of the earth's upper mantle material and the silicate portion of the Allende bulk sample is
representative of the similarity of other
portions.
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These experiments were, however,
made under essentially volatile-free conditions because the sample was heated at
about 1000°C at 1 atm before the runs,
and the results cannot be directly applied
to the evolution of the planets with significant amounts of volatile components.
In the evolution of the earth, volatiles,
particularly H>X), must have played an
important role in the formation of the
crust and the core. For example, the silimell formed in the presence of H20
would have been more silica-rich than the
ferrobasaltic melt obtained in these anhydrous experiment.-. Furthermore, movement of H20 m the early stage of the
evolution of the earth which might have
been associated with degassing of \\2

would have transported upward silica,
alkalies, and other H20-soluble components. Nakamura and Kushiro (this Report) have shown that about 20 wt %
silica can be dissolved in aqueous vapor
coexisting with forsterite and enstatite at
15 kbar. The silicate solidus should also
be lowered significantly in the presence
of H20.
Preliminary melting experiments have
been made on the Allende bulk sample
in the presence of excess H20. The results are shown in Fig. 159. The solidus
is lowered by more than 350 °C in the
presence of excess H20 at pressures above
20 kbar. The silicate solidus is even
lower than the solidus of the Fe-Ni sulfide phase at high pressures. In the pres-
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ence of H20, therefore, partial melting of
silicate phases would have taken place at
low temperatures, and in consequence,
formation of the core would have been
facilitated. If the fugacity of oxygen was
very low (e.g., below the iron-wustite
buffer), however, the effect of H20 would
be significantly reduced in lowering the
solidus temperature, as discussed by
Nakamura (this Report).
The composition of the silicate meltformed by partial melting of chondrite
also depends on the fugacity of oxygen.
If the fugacity of oxygen was lower than
that of the present anhydrous experiments, a more metallic phase with higher
Fe content would precipitate, resulting
in the generation of a less iron-rich basaltic melt. Knowledge of the fugacities
of H20 and 02 in the early planetary
interior would lead to a more rigorous application ofthe present experimental results to the evolution of the terrestrial
planets.
U, Th, Pu Fractionation in Geologic
Systems: Early Pu/U Abundance
in Meteorites
M. G. Seitz, D. S. Burnett, and P. M. Bell

Additional experiments (see Seitz,
Year Book 72, pp. 581-586) were performed to determine the partitioning of
three actinide elements between minerals
believed to be the major hosts to these
elements in natural silicate-phosphate
systems. The chemical fractionation of
Th, U, and Pu in geologic materials is
predicted by these data and is used to
estimate the relative concentration of
plutonium to uranium in equilibrated
chondrites at the time of their formation.
Glasses, with compositions within the
stability field of diopside (CaMgSi206)
and chlorapatite (Ca-,(P04)3C1), or diopside and whitloekite (/?-Ca3 (P04) 2) at
a temperature of 1340 °C and 20 kbar
pressure, were prepared and spiked with
about 10 pg/g of Th-230, U-235 or Pu239. Diopside was precipitated from a

451
melt of basaltic composition — 50% diopside, 25% albite (NaAlSi308), and 25%
anorthite (CaAl2Si20s) , to which 15%
reagent Ca:JP04)2 had been added.
Apatite crystals were grown from a melt
consisting of the basaltic mixture described above plus 25% apatite from
Durango, Mexico. Whitloekite was precipitated from the silicate mixture plus
25% Ca3(P04)2. The glasses were melted
at 1520°C under 20 kbar pressure in carbon capsules and slowly cooled (3°/mk) 1
to 1340 °C to grow 100 /mi sized crystals
within the melt. The system was then
quenched to preserve the silicate melt in
the form of glass surrounding the crystals
(see Seitz, this Report, for a discussion of
the experimental method). A photomicrograph ofa typical run product consisting of whitloekite crystals in glass
(quenched liquid) is shown in Fig. 160.
The minerals were initially identified
in some samples by x-ray and microprobe
analysis (Seitz, Year Book 72, pp. 581586) . Subsequent mineral identification
was inferred from the known composition
of the starting material and from the
crystal habit of the precipitated mineral.
For example, crystals of whitloekite are
solid and nearly equidimensional. in contrast to the long, often hollow crystals of
chlorapatite. Crystals of diopside are
elongated, euhedral, and of much higher
index of refraction than those of whitloekite.
The concentrations of actinide elements in the quenched melt and crystals
were determined by partiele-track mapping. The polished samples were covered
with a track detector. Mica was used to
record fission tracks from the neutroninduced fission of U-235 or Pu-239. and
cellulose nitrate plastic was used to record alpha particles from the spontaneous decay of Th-230. The etched particletrack detectors served as maps of the
microscopic distributions of Th. V, and
Pu in the samples. A photo of the plutonium map of a whitlockite-melt sample is
given in Fig. 161.
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Fig. 160. Whitlockite crystals in quenched liquid. The crystals are equant, in contrast to the
q< i die-like crystals of apatite, the other phosphate mineral grown for these studies. Lines through
the glass are fractures. Scale is 50 yum long.

Concentrations measured from the
track densities were used to determine
the partition coefficients, defined as the
ratio of the concentration in the crystals
to that in the melt, and are given in Table
49. Kvidence that the measured ratios of
the trace element- in the crystals and
melts is representative of the partition coefficient for that element at equilibrium isconsidered elsewhere (Seitz, Year
B / 7 i. pp. 581—586; Seitz, Burnett, and
Bell, in preparation; Seitz, in preparation). Additional experiments performed
at atmospheric pressure indicate that the
measured partition coefficients are independent ofpressure. A complete report
of the analyses of samples run under duplicate and variable conditions is in preparation (Seitz, Burnett, and Bell).

Radioactive elements, such as those
studied here, were formed in stellar environments bysuccessive neutron capture
of lighter elements. Their decay rate
provides a mechanism to determine the
time scale over which this synthesis took
place. Models of nucleosynthesis depend
on, among other things, the early 244Pu/
238U ratio in meteorites. It is likely that
the observed variability of this ratio between different phases of the same meteorite iscaused by the chemical fractionation of Pu and U predicted by these experiments. From the partition coefficients
in Table 49 the chemical balance of
thorium, uranium, and plutonium was
estimated for the St. Severin meteorite.
It was assumed that the minerals diopside and whitlockite contain the bulk of
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Fig. 161. Low magnification view of the plutonium map of a whitlockite-glass sample. The whitlockite crystals correspond to the small dark areas of very high track density and thus are considerably enriched in plutonium compared with the liquid. Scale is 200 /xm long.

three actinide elements considered here,
In accord with observations, it was further assumed that the mineral phases of
the meteorite were in chemical equilibTABLE

rium and that the meteorite contains
5.4% by weight diopside and 0.6% whitlockite (Van Schmus, 1969). From this
calculation it was found that whitlockite

49. Thorium, Uranium, and Plutonium Partitioning between Crystals
and Melt at 20 kbar Pressure, 1340 °C*

Th
U
Pu

Odiopside

Vychlorapatite

vymelt

v^melt

0.007f
0.002f
0.10

0.06
0.19
1.38

(^.whitlockite

0.10J
2.2t

L melt

12.5

*The silicate-phosphate melt contained A1203 and Na20 components in addition to the cation:
of the crystal.
fDetermined at atmospheric and 20 kbar pressure.
^Determined at atmospheric pressure.
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is enriched by a factor oi 2.6 in plutonium
relative to uranium. Using the measured
value oi 0.03 for the Pu U ratio, in the
whitlockite of St. Severin (Wasserburg,
Huneke and Burnett. 1909) a value of
0.012 for the unfractionated ratio is obtained. This ratio agrees remarkably
well with the total rock -M4Pu 23JT value
measured by Podosek il972), indicating
that the different measured ratios may be
explained on the basis of the chemical
fractionation expected from the results of
the present experiments. The unfractionated Pu U ratio obtained from these experiments isconsistent with previously
proposed models of nucleosynthesis
(Hohenberg, 1909; Wasserburg, Schramm,
and Huneke. 1909) modified so that 967^
oi the rapid process synthesis (i.e., supernovae-type synthesis) occurred 8 X 109
years ago. with the remaining 4% synthesis preceding gas retention in the meteorite, and hence solid condensates in
the solar system by only 1.65 X
years.
LUNAR

108

STUDIES

Differentiation of the Model Moon
/. Kushiro and F. .V. Hodges

One approach to an understanding of
the differentiation of the lunar crust and
the formation of the plagioclase-rich
highlands is to determine the melting relations ofthe proposed moon composition
and deduce the differentiation sequences
from these results. Recently, several instigators have estimated the composition of the moon on the basis of geomical and geophysical constraints
(e.g., Krahenbiihl et al., 1973; Ganapathy
and Anders, 1974a; Hanks and Anderson. 1972; Wanke et al, 1973). In the
-'■nt experimental studies, three different model moon compositions have been
examined on the basis of their melting
relations under the conditions believed to
exist in relatively shallower parts of the
moon. The purpose was to determine
which of these three compositions would
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be acceptable for the bulk composition of
the moon.
The model moon compositions examined (Table 50) are (1) Ca- and Al-rich
aggregates of the Allende carbonaceous
chondrite, which is similar to the model
moon composition proposed by Hanks
and Anderson (1972) and Anderson
(1973) ; (2) the model moon composition
proposed by Krahenbiihl et al. (1973),
and (3) the model moon composition proposed by Ganapathy and Anders (1974a) .
The melting experiments on the Allende Ca- and Al-rich aggregates indicate
that the compositions of both the melt
and the residual materials formed from
these aggregates are unlike those of the
known lunar materials and their possible
source materials. It is concluded that the
compositions of these aggregates are unreasonafre for the bulk composition of
the moon (Seitz and Kushiro, 1974).
The second model moon composition
has been examined using a synthetic mixture of that composition. High-pressure
experiments wrere made in graphite capsules with a solid-media, high-pressure
apparatus, and 1-atm experiments were
made in Fe capsules sealed in evacuated
silica tubes. The crystallization sequence
obtained at 5 kbar is olivine, spinel, and
clinopyroxene in the order of decreasing
temperature. No plagioclase crystallizes,
even very near the solidus. At subsolidus
temperatures olivine, spinel, and clinopyroxene crystallize over a wide pressure
range (1 atm to at least 20 kbar), but
again plagioclase was not detected, either
by powder x-ray diffraction or by microscope. This model moon composition is
too low in silica (36% Si02) and contains
only about 6% normative plagioclase.
Solid solution of Al in pyroxene consumes even this small amount of plagioclase. It is apparent that this material
would not produce a 65 km thick anorthositic crust (about 10 wt % of the
whole moon) as required from the seismological evidence (Toksoz et al., 1972a ) ,
even if the entire moon was completely

GEOPHYSICAL

455

LABORATORY

TABLE
Si02
Ti02
A120,
Cr203
FeO
MnO
MgO
CaO
Na20
K20
P206
Fe
Ni
FeS
U

50. Model Moon Compositions Examined
42.7

33.7
1.3
26.6

35.0
0.63
12.8
0.39

0.1
2.3
0.0
13.1
21.6
1.1
0.05
0.0
n.d.
0.06

0.42
0. 1 64
8.22

12.7

3.21
0.039
7.68
30.7

0.24

20.9
10.6
0.58
0.03
0.25
1.31
2.8
0.69

0. 1 09
0.0110
4.26
2.78

0.07

0.1336

1. Ca- and Al-rich aggregate from Allende me tori te (Clarke et al., 1970).
2. Model moon composition proposed by Krahenbiihl et al. (1973).
3. Model moon composition proposed by Ganapathy and Anders (1974a).

melted and differentiated. It is concluded, therefore, that this model moon
composition does not account for the rock
types observed on the moon.
The third model moon composition
(Ganapathy and Anders, 1974a) was examined using a synthetic mixture of that
composition excluding the metallic phase.
The melting relations of this mixture are

- MODEL

MOON

shown in Fig. 162. Below but close to the
solidus, a plagioclase-lherzolite assemblage with a small amount of Cr-rich
spinel is stable at pressures up to about 8
kbar; a spinel-lherzolite assemblage, to
about 25 kbar; and a garnet-lherzolite
assemblage, above 25 kbar. The sequence
of mineral assemblages and the pressure
range are essentially the same as those
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Fig. 162. Results of experiments on the model moon composition 20 by
* Ganapathy and Anders
(1974a). Abbreviations: 01, olivine; Opx, orthopyroxene; Cpx, clinopyroxene ; Gar. garnet; Sp.
spinel; Chr, chromite; PI, plagioclase; L, liquid.
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expected for the earth's upper mantle
I MacGregor, Year Book 64] Kushiro and
Yoder, 1966). Above the solidus, olivine
crystallizes over a wide temperature
range, and both orthopyroxene and
clinopyroxene crystallize with plagioclase (<8 kbar) or spinel i>8 kbar)
near the solidus. At pressures lower than
8 kbar, except near 1 atm, the crystallization sequence is olivine, orthopyroxene,
clinopyroxene. and plagioclase with decreasing temperature.
Differentiation of the upper part of
the moon can be discussed on the basis of
the above crystallization sequence and
with the following assumptions: (1) The
moon had a composition similar to that
giveo by Ganapathy and Anders (1974a) .
• 2' The upper part (i.e., 200-300 km)
of the moon was completely molten owing
to heat generated by rapid accretion, as
- ggested by Mizutani. Mitsui, and Takeuchi i!972>: Toksoz et al. (19726);
and Hanks and Anderson (1972). (3)
Crystallization began from the shallower
level of the molten layer owing to heat
loss from the surface, followed by sinking
• • i arly-formed crystals.
In the molten layer, olivine crystallizes
first and .-inks to form a dunite layer,
then orthopyroxene and clinopyroxene
successively crystallize with olivine to
form harzburgite and lherzolite layers,
respectively, above the dunite layer.
After about 60% of the molten layer is
solidified (estimated from the bulk composition and the composition of the cotectic boundary involving anorthite),
plagioclase begins to crystallize and form
a layer of plagioclase-lherzolite or olivine
gabbro. Because there is a reaction relation between olivine and orthopyroxene
-hallow levels of the moon (<100
km i . olivine would react out during fractional crystallization. The upper part
of the molten layer, therefore, must consist essentially of a two-pyroxene gabbro
mblage. If effective separation of
plagioclase and pyroxene takes place dur-
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ing the crystallization under the lunar
gravitational field, highland-type, plagioclase-rich gabbro would form in the upper
part, underlain by pyroxene-rich gabbro.
Ti-rich phases such as ilmenite and ulvospinel should be concentrated in the pyroxene-rich gabbro. This pyroxene-rich
gabbro layer may be a source of high-Ti
mare basalt. Low-Ti olivine basalts may
originate from the layer of plagioclase
lherzolite or olivine gabbro that would
exist below the pyroxene-rich gabbro
layer. The mechanism of formation of
mare basalts may be either impact melting by large meteorites or partial melting
due to internal heat sources. This model
explains the negative Eu anomalies in
mare basalts and also the higher concentrations of rare earth elements and
stronger negative Eu anomalies in highTi mare basalts than in low-Ti mare
basalts.
The layered structure shown above is
essentially the same as that suggested by
Wood et al. (1970) and Smith et al.
(1970) , and appears to be consistent with
geophysical and petrological observations. Itis concluded, therefore, that the
model composition proposed by Ganapathy and Anders (1974a) is reasonable
for the moon. However, this model presents some difficulties. For example, in
the crystallization sequence outlined
above, important rock types such as spinel troctolite or troctolite cannot be
formed, and anorthositic rocks should
have relatively high Fe/Mg ratios. Some
anorthosites contain relatively iron-rich
augites and hypersthene, but many do
not. These difficulties would be removed
if plagioclase begins to crystallize before
pyroxenes. At 1 atm, plagioclase appears
to crystallize at slightly higher temperatures than clinopyroxene but at lower
temperatures than orthopyroxene (Fig.
162). Increase of A120;{ in the model
moon composition facilitates the crystallization ofplagioclase at higher temperature. After these experiments were com-
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plcted, Ganapathy and Anders (19746)
proposed a revised model moon composition in which the Al20:i content is 11.02
wt %, about 3% higher than that of tin;
previous composition. This model moon
composition appears to be even more
reasonable.
Lunar Sample 77017: A Possible Model
for the Origin of Highland Basalts
F. N. Hodges and I. Kushiro

Rock 77017, a breccia sample consisting principally of gabbro and anorthosite,
was collected near the large boulder at
station 7 by the Apollo 17 astronauts.
Partly coated and invaded by dark glass
similar in composition to mare basalt
(Table 51, analysis 1), rock 77017 was
singled out by the Apollo 17 Preliminary
Examination Team (1973) as a sample

TABLE

51. Electron Microprobe Analyses of Glasses in Sample 77017 and
Chemical Analysis of Sample 14310
1

Si02
TiOo
A1203
FeO
MnO
MgO
CaO
Na20
K20
Cr203
P205

40.9
6.6
16.3
0.29
8.1
11.9
12.1*
0.37
0.06
0.26
n.d.f

96.9J

Totals
Or
Ab
AnHy
Di
01
Cr
II

that possibly preserved remnante of original igneous textures.
Poikilitic gabbro and troctolitic anorthosite occur as rounded, uncrushed areas
separated by areas of intense crushing.
Petrographic study and electron microprobe analyses indicate that material
within the crushed zones is derived to a
very large extent from the gabbro and
anorthosite and has only a very small
component of extraneous material. The
poikilitic gabbro consists of mildly
shocked plagioclase (An^.^) and rounded
olivine (Fo<;4_,;2) enclosed within large
plates of pyroxene. Pyroxenes within the
gabbro (Fig. 163) include both augite
(CaH6Mg4CFei8) with fine exsolution
lamellae of orthopyroxene and a separate
pigeonite (Ca9Mg6iFeao) with no visible
exsolution features. Pigeonite is much
more abundant than augite, and the two

2

0.35
3.13
42.64
13.33
22.35
2.16
0.38
12.54

46.88
1.19
21.68

43.8
1.79
23.4

0.13
8.22

0.13
7.1
14.1
0.25
0.05
0.15
n.d.
98.3
0.30
2.12
62.58
6.00
18.36
5.20
0.22
3.40

3

7.42
12.55
0.72
0.50
0.25
0.17
7.4*
99.71
2.95
6.09
54.45
6.39
23.02
4.01
0.37
2.26

*Total Fe as FeO.
fNot determined.
{Low total presumably a result of hydrogen and possibly of other volatiles picked up as contamination from the regolith.
1. Mare basalt glass in 77017 (electron microprobe analysis).
2. High-alumina basalt glass in 77017,71 (electron microprobe analysis).
3. Rock 14310,139. Analysis by H. Haramura, reported by Kushiro, Ikeda, and Xakamura U972).
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Fig. 1(53. Ca-Mg-Fe plot of representative electron microprobe analyses of olivine and pyroxene
in sample 77017. Open circles represent analyses from gabbro and anorthosite. Closed circles represent
pyroxenes in mare basalt clast within mare basalt glass. Lines connect point analyses on same
grain. Arrows indicate direction from core to rim.

typos, of pyroxene were not observed
in contact. As indicated by Helz and
Appleman i1974i. the pyroxenes, particularly the pigeonite, are strongly zoned
with respect to calcium. The troctolitic
anorthosite consists of mildly shocked
plagioclase (An.,7.94) enclosing subhedral
olivine (F062-60) and ilmenite.
The most likely source for the gabbro
and anorthosite of rock 77017 is within
a large layered igneous complex of highland affinities, quite possibly part of the
layered highland crust discussed by Kushiro and Hodges (this Report).
The dark brown mare basalt glass
• Table 51, analysis 1) that invades
77017 contains numerous fragments and
is highly vesicular, probably indicating
that it has been contaminated by regolith
• Mao. El Goresy, and Bell, this Report)
and may be an impact-produced melt.
In addition to the mare basalt glass, the
sample (77017,71) contains small, irregular veinlets of pale brown to colorless
glass. Electron microprobe analysis of
the pale glass (Table 51, analysis 2) indicates a composition -imilar to that of
high-aiumina (highland) basalt, particularly sample 14310 (Table 51, analysis
3). Where the high-alumina glass and
the mare basalt glass are in contact there

is a relatively sharp break in composition with a narrow zone of intermediate
compositions (Fig. 164), indicating that
26
2^3

AUO

22

20

2 8

/_-o

TiO;

16 -

Mare-type

basalt glass

Mixing
1 mm

zone

High-alumina
basalt glass

Fig. 164. Plot of Ti02 and AL03 (wt %) across
contact between high-alumina basalt glass and
mare basalt glass.
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two compositionally distinct melts coexisted and that the high-alumina basalt
melt was not simply a result of contamination of mare basalt liquid by highlandtype gabbro.
The high liquidus temperature of the
high-alumina basalt melt, probably very
near the 1300°C found for sample 14310
(Kushiro, Ikeda, and Nakamura, 1972),
is considerably higher than that of hightitanium mare basalts (Akimoto et at.,
1970; OTTara et al, 1970), indicating
that the high-alumina basalt liquid could
not have resulted from melting induced either by the mare basalt liquid or
by contamination of the mare basalt
liquid by plagioclase-rich material.
Sparse phenocrysts of olivine in the mare
basalt glass (Kushiro, this Report) indicate that the mare basalt liquid was not
superheated. Thus, the most probable
source of the high-alumina basalt liquid
is impact-produced melting of 77017
gabbro.
The high-alumina basalt melt in 77017
is apparently not an equilibrium melt of
the gabbroic assemblage. The composition of the high-alumina basalt melt does
not plot near a cotectic boundary in the
simple system plagioclase-olivine-silica
(Anderson, 1915; Roeder and Osborn,
1966) but between the cotectic where
plagioclase, olivine, and low-Ca pyroxene
would coexist in equilibrium with melt
and the plagioclase apex of the diagram.
A near approach to equilibrium should
not be expected, however, in very rapid
shock processes. Furthermore, plagioclase, which is highly susceptible to
shock, may be preferentially incorporated
into shock-produced melts or into melts
produced from highly shocked material.
It seems possible, in consideration of
the high-alumina basalt glass that occurs
within sample 77017, that partial melting
of gabbro similar to 77017, probably as a
result of impact heating, could be a major
source of lunar high-alumina basalts.

Apollo 17 High-Titanilm Basalts
7001 7 and 74275: A COMPARISON
F. N . Hodges and I . Kushiro

High-titanium mare basalts; returned
from the Valley of Taurus Littrow by the
Apollo 17 mission are chemically and
mineralogically similar to basalts returned from the Apollo 11 site; however,
they offer interesting contrasts. Two of
these samples, 74275 and 70017 (Tig.
165), are believed to be representative of
the subfloor basalts of the Taurus Littrow area and serve to illustrate the variation and complexity of the Apollo 17
mare basalts. Descriptions of mare basalts 70017 and 74275 are given by
Hodges and Kushiro (1974a, 6).

Fig-. 165. Photomicrographs of mare basalts
70017 (upper) and 74275 (lower). Long dimension of photographs approximately 3.5 mm.
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Rock 74273 is a fine-grained ilmenite
basalt consisting of microphenocrysts of
olivine with spinel inclusions (chr36-s4
ulvo52-4gsp — berie-u), titanaugite and
armalcolite (rimmed by ilmenite) set in a
subvariolitic groundmass oi subcalcic
augite, plagioclase, ilmenite, triolitemetallic iron ihtergrowths, tridymite, and
glass. The crystallization sequence, deduced from textural evidence, is olivine
and spinel followed by armalcolite and
pyroxene. Ilmenite crystallization started
simultaneously with or slightly after the
onset of pyroxene crystallization, and
plagioclase crystallization started relatively late in the sequence.

I N S T I T UTION

Rock 70017 is a medium-grained subophitic microgabbro consisting principally oftitanaugite, pigeonite, and plagioclase. Olivine, a minor constituent, occurs as euhedral grains within plagioclase and as anhedral grains within pyroxene. Ilmenite occurs as blocky grains
containing thin lamellae of rutile and
spinel (?). Spinel (e.g., chr;<2ulvor>7sp +
helm) occurs only within olivine, and
armalcolite occurs only within pyroxene,
principally within titanaugite but rarely
within pigeonite.
Textural evidence indicates that the
crystallization sequence of 70017 was olivine and spinel, followed by armalcolite,
pyroxene, and plagioclase. Ilmenite was

CoMg

70017

\CaFe

CaMg,

74275
vCaFe

ai-anuZ. -*

Fin. 166. Ca-Mg-Ff plot of analyzed pyroxenes in rocks 70017 and 74275.
analyses OD same grain. Arrows indicate direction from core to rim.

Lines connect point
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Fig. 167. Ti-Al relations of analyzed pyroxenes in rocks 70017 and 74275. Circles indicate plot
of Ti versus Al; triangles indicate plot of Ti versus Al-Cr. Open symbols represent pigeonite;
closed symbols, titanaugite.

the last major phase to crystallize. Plagioclase crystallization started relatively
early in the sequence, possibly simultaneously with or slightly before the onset of
pyroxene crystallization. The relative
positions of pigeonite and titanaugite in
the crystallization sequence are unclear;
it is possible, however, that pigeonite
started to crystallize slightly before
titanaugite, either during or slightly before armalcolite crystallization.
Pyroxenes
Electron microprobe analyses of pyroxenes and olivines from rocks 74275 and
70017 are plotted in Fig. 166 in terms of
atomic Ca, Mg, and Fe. The general zoning trend from augite to subcalcic augite
in 74275 and from both augite and
pigeonite to subcalcic augite in 70017 are

apparent. Another important feature of
this diagram is the restriction of the ironenrichment trend. In both samples the
iron-enrichment trend is less extensive
than that reported for Apollo 11 mare
basalts (James and Jackson, 1970).
Titanium contents of pyroxenes in rock
74275 are possibly the highest reported
for lunar samples. The phenocryst cores
contain as much as 6.8 wt % Ti02- The
highest Ti02 content found in 70017 pyroxenes is3.6 wt %. Titanium-aluminum
relationships for 70017 and 74275 pyroxenes are shown in Fig. 167. In 74275 pyroxenes, Tiand Al decrease uniformly, the
Ti:Al ratio increasing slightly but remaining near 1:2 throughout the crystallization sequence. In 70017 pigeonite. Ti
and Al increase from core to rim (with
increasing Ca and Fe) , whereas in the
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bitanaugites, Ti and Al decrease with increasing Fe and decreasing Ca. Both the
pigeonite trend and the titanaugite trend
e Ti:A] ratios near 1:2 and an average value slightly higher than 1:2.
In 74273 many pyroxene analyses, particularly those oi groundmass pyroxenes,
indicate Ti:Al ratios greater than 1:2,
and also in 70017 a large majority of pyroxene analyses have Ti:Al ratios greater
than 1:2.
The tendency toward Ti:Al ratios
greater than 1:2 becomes more pronounced ifthe chromium content of the
pyroxenes is taken into consideration
i Boyd. Year Book 69, pp. 216-228) . The
greatest part of Cr probably enters the
pyroxene structure as R2+Cr3+SiA10e. The
effect of subtracting Cr from Al is indicated by triangles in Fig. 167. The presence of Cr2" (Haggerty et al., 1970) will
decrease the effect of Cr: Burns et al.
'1973i. however, have challenged the
spectral evidence for CrL'~ in lunar minerals. IfCr2" is present in the 70017 and
74275 pyroxenes, it probably represents
only a small fraction of the total Cr content and its effect will be small. The
effect of Cr8" may also be reduced slightly
by the small Xa content of the pyroxenes
if it enters the pyroxene structure as
Xa('r::-Si,()(,
It is generally accepted that Ti4+ cannot enter pyroxenes in tetrahedral coordination, but enters only as R2+Ti4+Al20(5.
The Ti : Al ratio of 1 :2 thus represents the
maximum amount of Ti4" that can enter
the pyroxene structure in octahedral coordination, and on this basis, it has been
suggested that pyroxene Ti:Al ratios
greater than 1 :2 indicate the presence of
Ti:'- (Boyd and Smith, 1971; Kushiro,
Ikeda. and Xakamura, 1972; Bence and
Papike, 1972).

Direct evidence for the presence of Ti'''
in lunar minerals is given by the spectral
studies of Mao and Bell (Year Book 71,
pp. 524-527), Bell and Mao (Year Book
71. pp. 480-489), and Burns et al. (1972) .
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In addition, Sung, Abu-Eid, and Burns
(1974) have reported spectral evidence
for the presence of Ti3+ in pyroxenes separated from samples 70017 and 74275.
Dowty and Clark (1973a) have questioned the presence of Ti8, in lunar minerals; however, Burns and Huggins
1 1973) have cast doubt upon the spectral
line assignment used by Dowty and Clark
(1973a).
Representative pyroxene analyses are
plotted in terms of Ti-AlVI-Cr in Fig.
168. Pyroxenes in rock 74275 (Fig. 168)
plot in a well defined trend toward the
Ti-Cr sideline. Only the late-stage and
groundmass pyroxenes, which lack sufficient Si + Al to fill the tetrahedral site
(i.e., Si + Al < 2), fall on the Ti-Cr
sideline. In contrast, pyroxenes in rock
70017 (Fig. 168), whose average Ti:Al
ratio is greater than 1:2, cluster along the
Ti-Cr sideline because they lack enough
Si + Al to fill the tetrahedral site. The
only exceptions in rock 70017 are euhedral pigeonite grains included within
plagioclase; pigeonite intergrown with
titanaugite lacks octahedral Al. Thus, there
is at least indirect evidence for tetrahedral Ti in these pyroxenes, and the possibility oftetrahedral Ti4+ should not be
dismissed a priori.
Bence and Papike (1972) in their discussion of crystallization trends in lunar
pyroxenes relied heavily upon plagioclase
crystallization to increase the Ti:Al ratio
in the melt and to force the Ti:Al ratios
of the pyroxenes toward 1:2. In the case
of Apollo 11 and Luna 20 basalts, they
called upon both very high original Ti:Al
ratios in the melt and early plagioclase
crystallization to explain the Ti:Al ratio
of 1:2 throughout the crystallization sequence. In Apollo 17 basalts 70017 and
74275, however, the early crystallization
of plagioclase does not appear to have been
the principal factor forcing the Ti:Al
ratio of pyroxenes toward 1 :2. The Ti:Al
ratio in 70017 pyroxenes is shifted only
slightly from that of pyroxenes in 74275,
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Fig. 168. Ti-AlVI-Cr plot of analyzed pyroxenes in rocks 70017 and 74275.
pigeonite; closed circles, titanaugite.

where plagioclase crystallized relatively
late in the sequence. The principal effect
of early plagioclase crystallization in
70017 was to decrease both Ti and Al
along the Ti:Al = 1:2 line. The principal
reason for this effect is apparently the
very high Ti02:Al203 ratios of the Apollo
17 basalts. Bence and Papike (1972)
used rock 10057 as an example of hightitanium mare basalt with a very high
Ti02:Al203 ratio (Ti02/Al203 (wt) =
1.055). In contrast, Ti02/Al203 (wt) =
1.6 to 1.7 for Apollo 17 basalts 70017 and
74275 is considerably higher than that reported for Apollo 11 basalts. Apparently
the Ti02:Al203 ratios of the initial magmas of the Apollo 17 basalts were high
enough to saturate the pyroxenes with Ti,
and plagioclase crystallization was not
required to attain a Ti:Al ratio of 1:2 in
the pyroxenes.

Open circles represent

Crystallization Sequence
A serious problem in understanding the
pedogenesis of lunar basalts is the determination of the roles of rock chemistry
and cooling histories in the development
of the final crystallization product. This
problem is aggravated by the general
lack of intentional experimental studies
of nonequilibrium igneous processes.
The two Apollo 17 basalts under discussion here serve to exemplify the problem of chemistry versus quench. Electron
microprobe analyses of glasses prepared
from the two samples (NASA homogeneous rock powders 74275,49 and 70017.58)
are presented in Table 52. At first glance
there appears to be a significant chemical
difference between the two samples, possibly enough to explain the differences
observed in the samples. However, the
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TABLE 52. Microprobe Analyses oi Glasses
Prepared from Samples 70017 and 74275*
700 1 7

TiOi
AlSiO0FeO
MnO
MgO
CaO

38. 1
13.4
8.3
L9.0
0.27

Xa-O
KO

0.04
0.56

0,0

Totals

9.4
0.4

0.34

98.8

74275

38.4
14.1
8.5
17.4
0.35
8.6
10.7
0.22
0.07
0.53
08.9

"Samples were melted in graphite capsules in a
solid-media, high-pressure apparatus, and the
glasses were mounted on one microprobe slide
and analyzed consecutively. Each rock analysis
presented is the average of at least five broadbeam electron microprobe analyses of glass.
Analyses by A. El Goresv.
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tallization sequences of silicate and
opaque phases. Titanaugites in 74275
contain approximately twice as much
TiO- as those in 70017, probably a result
of higher alumina activity in the 74275
melt brought about by the failure of
plagioclase to crystallize. Thus, supersaturation with respect to plagioclase results in much more rapid depletion of
TiOL> in a melt already partly depleted in
T1O2 by armalcolite crystallization, and
brings armalcolite into reaction relationship with the liquid earlier in the crystallization sequence.
A Study of Iron-Rich Particles on the
Surfaces of Orange Glass Spheres
from 74220
P. M. Bell A. El Goresy* and H. K. Mao

difference is of the order of magnitude
often found within a single lava flow, and
analyses from different laboratories show
as much variance for the same sample as
shown between the two samples in Table
52. Thus, it is quite possible that the
differences shown in Table 52 represent
variance between the aliquots of homogeneous powder (0.5 g) supplied by
NASA and not real differences between
the two rocks.
An alternative, and perhaps simpler,
explanation for the mineralogical differences between 70017 and 74275 can be
found in their different cooling histories.
Rock 74275. which contains only one pyroxene, cooled much more rapidly than
lock 70017 and crystallized plagioclase
much later in its crystallization sequence.
id cooling, with supersaturation with
respect to plagioclase. would result in a
liquid greatly enriched in Ca above the
equilibrium content. The increased activity of Ca would suppress the crystallization of low-calcium pyroxene in favor of
.'incite, resulting in an essentially onepyroxene rock. Supersaturation with respect to plagioclase may also explain the
observed differences in the relative crys-

Soil specimen 74220 is unique among
the samples returned from the moon. It
consists essentially of orange glass
spheres (0.2 mm average diameter)
nearly devoid of crystalline material
(Mao, Virgo, and Bell, 1973). Except in
a few spheres that have devitrified, there
is no evidence of metallic iron in most of
the glass (Cirlin et al, 1974), even on a
50 A scale (Nord et al, 1974) . However,
there are reports of the occurrence of
magnetite (Olhoeft et al, 1973) and other
magnetic phases (Weeks and Prestel,
1974) in bulk samples of 74220.
Chemical analyses of the orange soil in
individual particles and in bulk attest to
its anomalous character. The volatile
trace elements are greatly enriched.
Analyses of Pb, Bi, Tl, Zn (Allen et al,
1974), Cu (Duncan et al, 1974a, b) , CI
(Jovanovic and Reed, 1974), and Ag
(Morgan et al, 1974) give high concentrations relative to most other lunar
rocks. Curiously, the siderophile meteoritic elements are depicted (Morgan et al,
1974), as are the radioactive elements,
* Max-Planck-Institut

delberg, Germany.

fur Kernphysik,
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consistent with the extraordinarily high
isotopic Pb ratios, 206/204 (Silver, 1974).
Collectively these data, combined with
thermal release patterns and the solubilities of the enriched elements, suggest
that the orange glass spheres have been
enriched in volatile elements at some
time after their formation because the
volatiles are apparently not chemically
bound within the interiors of the spheres.
Although the orange glass itself is uniform in composition (Mao, Virgo, and
Bell, 1973), the concentrations of volatiles are not evenly distributed in the
soil (Jovanovic and Reed, 1974). A pattern of sublimation, such as the one proposed for volatile-rich rocks at the Apollo
16 site (Ganapathy et al.. 1974), appears
to provide a reasonable explanation for
the distribution. Whether the volatiles
originated from lunar fumaroles or from
cometary or meteorite impact is not
known, but the data support the notion
that various elements were mobile on the
lunar surface.
The orange glass is not as reduced as
other lunar glasses (Mao, Virgo, and
Bell, 1973). Existence of magnetite
would be consistent with the state of
oxidation. In the present study an effort
was made to determine the sites of possible low-temperature volatile deposition
and to search for possible oxidized or
magnetic phases.
Specimens
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Analysis and Examination by Scanning
Elec iron Mic ro s co p e
Orange glass spheres were mounted on
pressure-sensitive tape and coated with
a thin film of sputtered Au-Pd in preparation for examination in a Hitachi
(HHS-2R) scanning electron microscope
(SEM). Qualitative analysis was done
with a Kevex, Inc., nondispersive x-ray
detector system. The ultimate resolution
of the system is 150 eV.
Although the principal aim of this
study was to examine the surfaces of the
glass spheres, many are fractured, so the
interiors could be examined as well. In
broad-raster scan, the spherical and fractured surfaces showed no evidence of the
volatile elements in the form of coatings.
Higher magnification, however, revealed
minute particles embedded in the spherical surfaces that are very different in
composition from the orange glass. Figure 169 shows an SEM photograph of the
exposed surface of the broken glass
sphere. Most of the small bright particles
are simply debris of broken fragments of
orange glass. It was important not to
clean the surfaces of the spheres before
analysis because of the possibility of
losing valuable grains.
The most minute surface particles are
less than 0.5 /mi in diameter. However,
the electron beam was focused to a crosssectional diameter of 100 A, and it was
possible to obtain a semiquantitative
analysis with very little contribution
from the orange glass substrate.
Multichannel analysis of the minute
particles gives the following approximate
(qualitative) composition of several of

Separates of 74220,61 were examined
first, but fear of possible contamination
introduced in other investigations made
it essential to use only the most pristine
sample. The main study was made of
orange glass spheres selected from
74220,106 by L. T. Silver, who followed
stringent contamination controls. Furthermore, sample 74220,106 was an un-

sphere (whose major element composition is FeO, 22.01 wt rr ; MgO, 14.37:

separated aggregate ("clod") as delivered, sealed in nitrogen. Exposure to
air was not avoided during the study.

* Copper is a known impurity in the electron
microscope, and therefore its analysis in these
particles is uncertain.

the small particles: Fe. 80—90 wt c'c : Cu.
4.6;* Ti, 3; CI, 1-2; after subtraction of
the interference of the orange glass
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Fig. 169. Scanning electron micrograph of the surface of a broken glass sphere. Light-colored
particles less then 0.5 jam in diameter contain mostly Fe, with minor Cu, Ti, and CI. Magnification
X6000; inclination 30°. Photograph made by E. M. Ventions, Inc., Microanalysis Laboratory,
Rockville, Maryland 20850.

AU>,. 6.35; Si02, 38.60; CaO, 7.74; Ti02,
8.85; Mao, Virgo, and Bell, 1973). Neither the orange glass substrate nor the
mounting tape contained CI. Evidently
the iron-rich particles contain at least
part of the reported low-temperature
volatile components. Possibly the other
trace volatiles described above are more
dispersed and are beyond the detection

limit.

Carter (1973) reported CI on the surfaces of glass particles in the Luna 20
sample, but did not speculate on its origin. All other reported occurrences of Fe
with CI in lunar samples have included an
oxy hydration ''rust" or alteration product (Taylor, Mao, and Bell, this Report).
The probable source of the alteration is

postulated to be a highly reactive iron
chloride mineral, lawrencite (FeCl2) , but
it is not known whether the oxyhydration
occurred on the moon. The alteration
product of lawrencite and metal is akaganeite (monoclinic FeOOH containing
1-2% CI), which in meteorites is known
to contain magnetite (B. Mason, personal
communication, 1974) . It is therefore
likely that these observations may be
relevant to questions involving the presence of volatiles, ferric iron, and magnetite in 74220.
Interpretation
The Apollo 16 rocks are remarkably
.similar to the orange soil in their volatile
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components. The Fe-Cl occurrences are
compositionally similar (except for Gu
in the iron-rich particles on the glass
spheres). In both cases the volatile-iron
chloride-oxyhydration sequence may be
the result of processes that occurred later
than the original formation of the silicate
minerals.
The possible existence of a secondary
process on the moon's surface other than
those associated with shock wave phenomena has been discussed extensively
by numerous authors (e.g., Ganapathy,
1974) and has significant consequences.
Volatile deposition must have originated
from a fumarole or else from a meteorite
or comet of totally different character
than has ever been observed (El Goresy
et al, 1973; Gibson and Moore, 1973).
If the oxidation and hydration of iron
occurred on the moon, it formed from a
process unlike those that formed most of
the returned lunar samples. The existence of lunar magnetite, if proved, may
also be of importance in understanding
the origin of lunar magnetism. In any
case, these data demonstrate that the
volatiles may exist in sublimate form.
Their oxidation, whether on earth or on
the moon, would appear to be well established.
Evidence of Extensive Chemical
Reduction in Lunar Regolith
Samples from the Apollo 17 Site
H. K. Mao, A. El Goresy* and P. M. Bell

Oxygen fugacity is a controlling parameter in determining the supply of oxygen
and water on the moon and is also essential
in controlling the chemical path of differentiation and elemental partitioning thatproduced the rocks on the lunar surface.
Although it has been tacitly expressed
that the oxygen fugacity during crystallization of lunar rocks was low — of the
* Max-Planck-Institut fur Kernphysik, Heidelberg, Germany.

order of 10"18 atm partial pressure; 02 at
melting (Haggerty et al., 1970) — there is
a wide range of oxidation conditions represented inthe Apollo samples (Bell and
Mao; 1974). The present study of Apollo
17 samples 70019 and 79155 is an investigation of processes in the lunar regolith
that are characterized by lower oxygen
fugacities than have previously been reported for Apollo samples. The processes
are, by their nature, active in the regolith.
and may have been operative during the
crystallization of all rocks sampled from
the moon.
Critical Mineral Assemblages
Figure 170A, B shows views of the
parent rocks 70019 and 79155. Both were
collected by Astronaut Schmitt on the
surface of small craters, and the molten
rock might have been produced by shock
heating. Rock 70019 is a "soil breccia," in
that fragments of all sizes are now welded
together by the quenched, orange-colored
glass. Rock 79155 is a typical subfloor
basalt, to which orange glass has now adhered. Both samples were pieces that
cut through the glass surface layer and
sectioned approximately 1-2 cm of the
interior portions.
The most significant reactions occur as
mineral assemblages frozen into the zone
of contact between liquid and solid rock
material. Some assemblages have formed
during initial heating as the liquid first
made contact; others, during cooling.
Both processes were rapid and are characterized by intensely reducing conditions. The two critical reactions that
approximate the reactions at the low oxygen fugacity in these samples are

2FeTi03 -* FeTi205 + Fe + O ; (1)
FeTi03 -> Fe + Ti02 + 0.

(2)

The buffer curves for the synthetic reactions were determined experimentally by
Sato, Hickling, and McLane (1973) and
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A

l cm

Fig. 170. (A) Parent rock 70019 ; (B) parent rock 79155.
the National Aeronautics and Space Administration.

are showD in Fig. 171. Reaction 1 approximate.- the ilmenite-iron-armalcolite
ssemblage; reaction 2, the ilmenite-ironrutile assemblage. Both reactions buffer
lower oxygen fugacities than the pure
ilmenite-iron-ulvospinel buffer, commonly related to the Less pure assemblage- (i.e., the spinels may contain Cr,
Ali observed in many lunar rocks. The
iron-wiistite buffer, equivalent in its temperature— oxygen fugacity function to the
experimental condition- used by O'Hara

Courtesy of the curatorial facility of

(personal
communication,
1974),
is
greatly displaced from buffers 1 and 2.
The "daughter" designations of the
subsamples studied are 79155,25 and
70019,19. For each sample, a polished
thin section was prepared normal to the
exposed glass surface, sampling the liquidrock interface. Figures 172 and 173 show
a series of photomicrographs in reflected
light of the sections in the vicinity of the
interface. Figure 172A shows phase assemblages corresponding approximately
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Fig. 171. Oxygen fugacity curves (after Sato, Hickling, and McLane, 1973). Fe, metallic iron; il.
ilmenite; uv, ulvospinel; fb, ferropseudobrookite (armalcolite).

to the pure buffer reactions 1 and 2. The
large twinned ilmenite crystal has been
heated by liquid and has been reduced to
iron metal plus rutile and also to iron
metal plus armalcolite. Both reactions
release oxygen. Figure 172B shows reaction 1with armalcolite and metal crystallizing along cleavage and twin planes.
Armalcolite in Fig. 172C has formed a
circular halo in ilmenite. These assemblages can be thought of as a response to
a "fugacity quench" as the partial pressure of oxygen was lowered suddenly on
heating. Therefore, it is postulated that
the assemblages corresponding to 1 and 2
were formed by reaction with H2 and
that actual buffering did not occur in this
stage of the process.
Figure 173 shows a series of assemblages that represent a path crossing the

buffer curves based on the textures and
therefore can be thought of as being in
response to a "temperature quench."
Figure 173A shows an assemblage crossing three of the buffers shown in Fig. 171.
Rutile is mantled by armalcolite, which
in turn is rimmed by ulvospinel. The resulting "multi-crystals" are embedded in
quenched liquid. Figure 173B shows
armalcolite in glass crystallized on and
rimmed by ilmenite. Figure 173C shows
armalcolite crystals surrounded by reaction rims of ulvospinel and of ilmenite
within a few micrometers of each other,
indicating the rapid cooling process. Fig.
173D shows quench crystals of armalcolite and dendritic growth of ulvospinel in
liquid. Fig. 173E shows a quenched stage
of liquid cooling that produced armalcolite, ilmenite, and metal.
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lavas or shock melts deposited on regolith
would not be subject to this reduction,
assuming that the regolith surface contained sufficient hydrogen-rich gas, implanted bythe solar wind.
Evidence of the Gas Phase

Fig. 172. (A) Ilmenite (main gray mass)
showing two breakdown reactions: (1) 2FcTiO:i
- FeTuO - Fe + O; (2) FeTiO, -» Fc +
Ti( ». + 0. Rutile. light gray; metallic Fe,
white; armalcolite, dark gray. (B) Breakdown
of ilmenite to metallic Fe (white) + armalcodark gray; along former cleavage and twin
surfaces of ilmenite. (C) Formation of armalcolite in a ring near the- boundaries of ilmenite.
I hotographs 100 /ttm.

The quenched assemblages demonstrate the extensive nature of the reduction process. It is difficult to imagine that

With the exception of soils collected at
Shorty Crater, Apollo 17 regolith samples
contain an excess rare gas complement
(Eberhardt et al, 1974), attributed to
implantation by the solar wind. The
hydrogen concentration in the upper parts
of the lunar regolith is likewise excessively high (of the order of 20-200 /ag/g;
Chang, Lennon, and Gibson, 1974) . Leich,
Tombrello, and Burnett (1974) have discussed the implantation and retention of
solar hydrogen in lunar samples. Heating
by contact with molten rock would cause
nearly instant release of the gas.
Figure 174 shows thin sections of liquid
rock interfaces. Sample 79155 in Fig.
174 A contains numerous bubbles in the
strongly banded orange glass margin.
Figure 174B shows a large quantity of
gas voids, trapped in the quenched orange
glass. Examination of the interior surfaces of the voids did not reveal deposits
from silicate vapor. The major portion of
the trapped gas was probably the solar
wind complement.
The original composition of the liquid
that quenched to orange glass is apparently obscured by reaction with regolith
material. The composition of the glass
varies significantly close to mineral
grains in the basalt or soil. Table 53 gives
electron microprobe analyses of glass
close to a pyroxene "phenocryst." The
glass changes in color from red to orange
to yellow as the iron and titanium content decreases toward the pyroxene. The
compositions of the red portions of
glasses from both samples are nearly
identical but evidently differ from those
of orange glass beads (74220) and a
"typical" Apollo 17 subfloor basalt
(70017, Table 53).
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Fig. 173. (A) Quenched rutile (light
gray cores) surrounded by reaction
rim of armalcolite (dark gray), which
in turn is surrounded by a reaction
rim of ulvospinel (light gray). Length
of photograph 50 /tm.

Fig. 173. (B) Armalcolite quench crystals
(gray) deposited during rapid cooling of silicate
liquid around ilmenite (light gray).

Fig. 173. (D) Quench crystals of armalcolite
(long blades) and ulvospinel with typical
"Christmas tree" skeletal texture.

Fig. 173. (C) Quench crystals of armalcolite
(dark gray in the middle of photograph) surrounded by reaction rim of ulvospinel (gray) ;
ilmenite is light gray.

Fig. 173.
(dark gray)
and metal
(B-E) same

(E) Quench armalcolite crystals
with ilmenite reaction rims (gray)
blebs (white). Magnification of
as Fig. 172.
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o\ an orange glass bead from 74220 in
Fig. 175. The shift of the edge near 600
nni is caused by the interaction of Ti4+
and Fe2+, and therefore the portion is an
indication of the relative reduction. The
iron-poor portion (FeO 13.98 wt %) is
closest to the rock-liquid interface and
is more reduced. Both portions of glass
from 79155,26 are more reduced than the
glass bead from 74220,61.
The spectra, including portions of crystal-field bands and slopes, are potentially
useful in interpreting reflectance spectra
measured by earth-based telescope. The
features shown in Fig. 175 are also observed in reflectance spectra of the same
specimens, even though the outer surface
of the glass is coated with fine soil powder
(J. Adams, personal communication,
1974).
Conclusions

Fig. 174. Photomicrographs of thin sections
of (A) 79155.25 and (B) 70019,19. Transmitted
light ; length of sample approximately 2 cm.

Optical Spectra
The optical spectra of the orange
glasses are compared with the spectrum
TABLE

Color

MnO
Cr OFeO
XiO
\;,'■ 0
. 0
MgO
8iOs
KO
CaO
TiO

53. Electron Mici oprobe Analyse g

Glass, 79155,25
1 a pyroxene phenocryst
tou;i I'd
red
orange
0.5
0.35
10.08
00.23
1 1 .20
8.80
10.85
0
10.45
8.57

0.46
0.27
1 1.85
0
0.37
10.08
12.03
12.30
0.03
1 1.17
7.00

The data presented in this study suggest that hydrogen-rich gas, implanted in
the upper portions of lunar regolith by
the solar wind, is released when melted
rock comes into contact with it. A
quenched outer skin of lava or shock
melt may tend to confine the gas.
Samples 70019 and 79155 contained
bubbles of the trapped gas, quenched into
an orange glass. There is evidence of
chemical reduction on a large scale in

yellow
0.42
0.32
12.82
0
0.20
13.47
6.48
49.49
0
13.21
2.03

Glass
70010,10
red
0.50
0.27
15.18
0
0.18
10.20
12.30
40.32
0.02
10.69
8.24

Basalt
Orange Bead
74220

0.74
0.24
22.21
0
0.42
15.81
5.76
38.88
0.06
7.17
8.70

70017

0.57
0.28
10.43
0
0.45
9.50
8.25
37.8!
0.04
9.41
13.20
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Fig. 175. Optical spectra of orange glass (79155, 74220). Bands near 1000 and 2000 nm are caused
by crystal-field effects in Fe2+. Sloping shoulders in the region 500-600 nm are caused by an interaction of Fe2+ and Ti4+ (these shoulders recede to higher energy as the ratio Ti3+/Ti4+ increases).
The spectrum of 74220 between 580 and 400 nm is off scale and has been displaced downward
onto the diagram, making the vertical scale invalid for this portion of the spectrum.

not known. The present data point to a

these specimens. The mineral assemblages suggest that these samples are
more reduced than any other previously
described.

process that has at least caused significant reduction of the samples studied.

The results obtained on samples 70019
and 79155 are evidence of a process that

Grain Size and Mineralogical Studies
of Apollo 16 Core 60004

could be widespread on the moon's surface. It is difficult to imagine lava or
shock melt laid onto hydrogen-rich regolith without suffering chemical reduction.
The extent to which the process has effectively erased the original oxidation state
in all samples returned from the moon is

R. H. McCallister and H. O. A. Meyer

A tremendous effort has been expended
in studying lunar rocks and soils, yet core
samples have until recently received little
attention. The purpose of the present in-
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vestigation was to provide preliminary
data on the grain-size distribution, mineralogy, and clast content of the <1 mm
tines as a function of depth within a core.
Studies oi this type may ultimately prove
useful in determining the nature and even
Cor.
Depth

60004
Or~l

Cm

-,393
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the existence of stratigraphic units that
heretofore have been mapped on the
basis of photogeologic interpretations.
On the Apollo 16 mission a core sample
of approximately 2 meters was obtained
at station 10 on the Cay ley Plains. The
section, 60004, which was collected between 70 and 110 cm beneath the lunar
surface, was studied in detail.
Grain-Size Analysis

-,396

r-l

10-

-,37C

Twelve randomly spaced samples of
the <1 mm fines have been selected and
analyzed for grain size by means of dry
sieving (Fig. 176). Data have not been
provided for the >1 mm fraction that
was removed by sieving at the curatorial
facility (Johnson Spacecraft Center)
during dissection of the cores. It is estimated that the <1 mm fraction constitutes approximately 85-90% of the total
weight at any level within the core (D.
McKay, personal communication) . This
estimate suggests that any systematic
analyses performed on the <1 mm fractions will be representative of the entire
sample.
Of particular interest is the bimodal
distribution in all samples, with a minimum generally occurring in the 125-86
/xm fraction. This type of distribution for
the <1 mm fines of Apollo 16 surface
soils has been observed by Butler,
Greene, and King (1973) and is in gen-

n o p q r s |
1000 - 500um

n
0
P
q
r
1
t

250 <4€
- 125
500 -- 250^
125
86
86-64
64-40

Grain

size

Fig. 176. Wf-ijilit pr-rcont.jjgo of maU;ri;il for

different size fractions of 12 samples from Apollo
16 core 00004.

eral agreement with Lindsay's (1973) results for the Apollo 16 drill core. It is suggested that the large maximum in the
distributions at small grain sizes is the
result of the comminution of particles associated with meteorite impact, and the
smaller maximum at larger grain sizes is
the result of agglutinate formation. The
observation that all twelve samples have
similar grain-size distribution patterns
for the <1 mm fines suggests that the
soils at all levels in this portion of the
core have achieved approximately the
same degree of maturation.
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Clast Content
The two samples of the core that were
studied in detail are 60004,396 (from the
top of the core) and 60004,355 (bottom).
The variety of clasts found within these
two samples is similar and consists of
agglutinates, glasses, crystalline mineral
fragments, and rock clasts. The rock
clasts are predominantly members of the
anorthosite-norite-troctolite (ANT) suite
and are comparable with the larger rock
fragments known to occur at the Apollo
16 site (Warner, Simonds, and Phinney,
1973; Steele and Smith, 1973).

Mineralogy
Electron microprobe analyses were
made on mineral clasts within the 1 mm—
500 fxm, 500-250 ^m, and 250-125 /xm

fractions of both 60004,396 and 60004,355.
Figures 177A and B are histograms of the
number of plagioclase analyses versus
Ca, Na, Mg, and Fe contents on the basis
of 8 oxygens, for the three size ranges
studied. A comparison of the results indicates an overall average of 94.5 mole ' t
An for 60004,396 and 96.5 mole % An for
60004,355; however, the plagioclase compositions within any given size range for
either of the samples show considerable
scatter. When all feldspars are plotted
on a Fe (wt %) versus An (mole %)
diagram, after Steele and Smith (1973 j,
every analysis plots within the nonbasalt
or ANT region, as opposed to the mare
basalt region (Fig. 178).
The mafic mineral clasts consist of olivine, orthopyroxenes, and pigeonite and
augite. They are much less abundant
Feldspar
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Fig. 177. Histograms of number of plagioclase analyses as a function of atoms of Ca. Na, Mg.
and Fe, based on 8 oxygens for the three size ranges studied. (A) Data for 60004.355 (bottom of
the core).
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Fig. 177. (B) Data for 60004,396 (top).

than plagioclase clasts. The olivine compositions vary between Fo.-,s and Fo<,3, a
range within that recorded for other
Apollo 16 olivines (e.g.. Jakes and Reid,
1974i; the olivines in 60004,355, however, are more restricted in composition
(approximately Fo7si than those in
60004,396 (Fig. 179). As was the case for
the olivines, there are relatively few pyroxenes in comparison with the numerous
plagioclase clasts. Representative analys< - of a number of pyroxenes are also
presented in Fig. 179. All the orthopyroxenes studied contain more than 2 wt
% CaO and have Mg/Fe ratios within
the range of orthopyroxenes from anorthositic and related rock types (Tarasov et nl.. 1973; Steele and Smith, 1973).
T '■ clinopyroxenes are variable with respect to Fe (Fe - Mg), and in one ease
a zoned crystal was found and analyzed
1 Fig. 179).

The analyzed glasses do not exhibit a
consistent distribution pattern and were
found to fall within the following bulk
compositional groups: anorthositic gabbro, gabbroic anorthosite, low-K Fra
Mauro basalt, type-I mare basalt, and

60004,355
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Fig. 178. Anorthite (mole %) versus Fe (wt
'/< ) for plagioclases from 60004,355 and 396.

477
GEOPHYSICAL

LABORATORY

60004
,396 ,355

Fo

□

■

O

•

1 -.5 mm
5-M

I
Atomic %

Fig. 179. Pyroxene and olivine analyses for core samples 60004,355 and 396. The two points
joined by a dashed line represent two analyses in a zoned crystal separated by 25 /xm, the core
being higher in Ca and Mg than the rim.

one orange-colored glass, which appeared
to be transitional between Apollo 17
orange glass and type II mare basalt (see
Ridley et al., 1973, for glass classification). The very few opaque minerals
that were found include metallic iron,
troilite, ilmenite, and armalcolite.
The similarity among all samples as
determined by grain-size analyses as well
as the similar mineralogy at the top and
bottom of the core is consistent with results of Philpotts et al. (1973), who observed a uniformity in trace element
abundances throughout the length of the
core. It is also worth noting that the
mineralogy of 60004,396 and 60004,355 is
similar to that of other Apollo 16 soils
studied by Heiken, McKay, and Fruland
(1973) and Simkin et al. (1973). From
the results presented it appears that the
regolith, at least within the section included by 60004, has been accreted from
a homogeneous material, either rock or
previous soils, at a relatively constant
rate and may be representative of the
Cay ley formation.

Identification of the Hydrated Iron
Oxide Mineral Akaganeite in
Sample 66095,85
Lawrence A. Taylor* H. K. Mao, and P. M. B< 11

Rust-like alteration has been described
in rocks from every station at the Apollo
16 site (Taylor, Mao, and Bell, 1973 1.
Whether the alteration occurred on the
moon or after sampling is not known/
The alteration process is apparently continuing, however, as rust-colored stains
rich in iron and chlorine (detected in thin
sections by electron microprobe) pervade
cracks and crevassesinthe sample. Isolated
* Department of Geology. University of Tennessee, Knoxville. Tennessee.
+ The Apollo 16 samples were exposed to
water- and oxygen-containing atmospheres in
the spacecraft, in the air over the Pacific Ocean,
and in the air of the Lunar Receiving Laboratory at Houston. Texas. One of the Apollo 16
samples was stored in a closed rock-box (SSC
No. 2), but the seal leaked and the pressure rose
to 100 fim Hg (M. Duke, personal communication, 1973).
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polycrystalline grains of the alteration
product wore identified as "goethite-like"
by reflecting microscope (Taylor. Mao.
and Bell. 1973). These grains contain
1.5-4.6 wt (\ chlorine, and many oi them
contain approximately 1 wt % nickel
i complete analyses are given in Taylor.
Mao, and Hell." grains
1973). are
The too
crystals'
polycrystalline
small and
for
conventional mineral identification techniques. Itwas the purpose of this study
to attempt a positive identification of the
alteration phase, employing a specially
designed x-ray diffraction technique and
a technique for measuring optical absorption spectra.
The largest polycrystalline masses of
the alteration product found were approximately 30yum in diameter in a thin
section 30 ^m thick (see Taylor, Mao, and
Bell. 1973 1. This volume is not sufficient
for conventional x-ray diffraction measurements, so a hish-intensitv monochro-
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matic source of MoKa x-rays was employed. An AMR (American Metals Research Corporation) rotatable anode xray generator was fitted with a bent
quartz crystal constructed to monoehromatize the x-rays, eliminating white radiation and therefore reducing background
diffraction during long exposure. The
MoKa beam was directed to the polycrystalline grain in the thin section
through the silica glass slide on which the
thin section was mounted, in order to
avoid absorption of the diffracted beams
•by the slide. The surface of the section
was uncovered, and a lead foil aperture
was placed on the grain to mask possible
interference from host plagioclase grains.
Mo radiation is highly penetrating because of its relatively short wavelength.
The wavelength also served to produce
x-ray diffraction at small Bragg angles,
making it possible to identify a number
of lines even though the grain was in thin

TABLE 54. X-Rav Diffraction Data
66095,85
Apollo
Akaganoite

ASTM
I

vs
M

vw
vs
M
s

w
M

w
W
MS
VW
M

vw
vs
M

w
w
vw
§
M

<l A
7.40
5.25
3.70
3.31
2.616
2.543
2.343
2.285
2.097
2.064
1.944
1.854
1.746
1.719
1.635
1.515
1,197
L.480
1.459
1.438
1.371

/

d* A

110
200
220

s
w

7.53

310
400

s

211
420

s

3.358
2.652

hkl

301
321
510
411
440
600
501,431
002
521

5.29

M

2.544

w

2.289

I M (broad)
M

2.082
1.943

W

1.749

w

S

1.634
1.514
...

M

1.444

611
112,710
610
511
730,312

'Uncorrected for sample-film distance and film shrinkage.
Abbreviations:
I. estimated intensity; VS, very strong;
VW, very weak.

S, strong;

M,

medium;

W,

weak;

479
GEOPHYSICAL

LABORATORY

section and masked with lead foil. It was
necessary, however, to use an appropriately placed film cassette of 2.5 inches
diameter to prevent excessive line broadening.
The d values and estimated intensities
of an 800-hour exposure of a grain in
66095,85 are listed with indexed values of
synthetic akaganeite (American Society
for Testing Materials, ASTM) in Table
54. Akaganeite is of low symmetry
(monoclinic) and therefore does not produce a strong pattern ; however, the long
exposure was sufficient for the identification. Optical spectra were measured before and after exposure to check for radiation damage.
The optical spectra of synthetic and
lunar akaganeite are shown in Fig. 180.
At 1 atm the spectrum of polycrystalline
akaganeite is featureless except for a
steep shoulder of a charge-transfer band
in the near ultraviolet (Bell and Mao,
this Report) that causes the red Crust")

color. At 70 kbar, charge transfer is
greatly enhanced (Mao and Bell, this lieport), and both the shoulder and a spinforbidden band for Fe,v appear. This
spectrum differs greatly from the spectra
of polymorphs of akaganeite (goethite
and lepidocrocite; Bell and Mao, this Report) and therefore may be useful in determining telescope spectra of the .surfaces of the moon and Mars in the search
for hydrated phases.
The spectrum of the grain studied by
x-ray diffraction is shown in Fig. 180B.
The features are identical to those of synthetic akaganeite shown in Fig. 180A and
did not change after an 800-hour x-ray
exposure. These data are consistent with
the x-ray identification and do not suggest that other FeOOH polymorphs are
present in these samples (Mao and Bell.
this Report) .
The mineral akaganeite is identified in
60095,85 from x-ray diffraction and from
optical spectra.
Akaganeite
forms on
16

Wave

number,

10

cm"

14

2.0

2.0

12
Wave number,

10
I03cm"

Apollo

66095,85
FeOOH

B
1.0

600

800

1000
Wavelength,

200
nm

600

800
Wavelength,

Fig. 180. (A) Optical spectra of synthetic akaganeite at 1 bar and 70 kbar.
trum of alteration product in 66095,85. identified as akaganeite.

1000

200

nm

(B) Optical spec-
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meteorite specimens exposed bo air by the
oxhydration of the reduced iron-chloride
mineral lawrencite (FeCl-j; B. Mason,
personal communication. 1974). Lawrencite ishighly reactive in an oxidizing
and hydrous atmosphere and would
quickly react to akaganeite, which
is
S Y S T E M A T IC
Feasibility Study fob a Publicly
Accessible Rock Information
Ft Ux Chains System*
and Jose Luis Brandle

The volume of publication in many
branches of natural history is now such
that by conventional scholarly procedures the vast majority of specialists cannot hope to maintain close familiarity
with more than a very small part of it.
The resulting intellectual climate is one
that increasingly encourages irresponsible
speculation by those who do not properly
value scholarly standards and crippling
overspecialization by those who do. The
necessary increase in facility for storing,
retrieving, and using data so voluminous
they can no longer be efficiently organized
and accessed by the devices of conventional scholarship could surely be obtained with currently available electronic
processing. What naturalists need along
these lines lias been technologically feasible for more than a decade; whether they
can arrange to exploit it effectively is an
entirely practical and essentially economic problem. Each of the special disciplines of natural history generates an
enormous amount of published information. Most of them have relatively few
practitioners and are rather indifferently
endowed. Few are of sufficiently direct
economic importance to attract extensive
industrial subsidy. Cost considerations
' Calculations performed al the University of
Maryland computer facility and supported in
by National ><■]( w<-<- Foundation ^rant GA31201.
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relatively stable (Taylor, Mao, and Bell,
Year Book 7:2, p. 638). This reaction
would occur on the moon if such an atmosphere existed. The reaction is evidently occurring in these samples exposed to air, but it conceivably could
have begun on the moon.

PETROLO

G Y

now and in the immediate future will almost certainly require that an electronic
information service constructed out of
funds made available, in whatever way,
to any one of these disciplines provide
services to all practitioners of that discipline. The system will have to be as
public as the library system it supplements and for the same reason, viz., that
most users wrill not be able to afford anything else. The first requirements for a
publicly accessible information system
are a data base of sufficiently broad content and coverage to be of reasonably
frequent use to its public and an associated repertoire of retrieval and reduction programs so designed that most user
requests can be handled in routine
fashion.
Since 1971 the senior author has been
engaged in constructing one prototype of
such a potentially public information
system for igneous petrology. In one version or other the system has been in pilot
operation for three years. Various aspects
of its design and operation have been discussed in some detail in earlier Year
Books (70, pp. 197-201 ; 71, pp. 489-495;
72, pp. 668-671 ), and a manual describing the system and its operation is available on request. As reported in Year Book
72, the time appears ripe for an attempt
to replace the existing pilot system with
one characterized by much greater information content per item in its data base.
The conventional library search is the
most time-consuming assignment in the
development of any such base, and the
same references would have to be ex-
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amined in extending the data base of the
present system as in building the base of
the new one. Accordingly, routine operation of the existing system has been maintained, but systematic extension of its
data base has been held in abeyance
pending design, development, and testing
of a successor system.
Results to date are very promising. A
program capable of generating and editing the new data base from card input
was completed late in 1973 and has been
rather extensively tested. Brandle has
compiled a card file of 1032 published
analyses of rocks of the Canary Islands
in the new format, and a data base generated from this file is being used in the
development and testing of programs to
be added to the repertoire of the new system. Preliminary versions of programs
that generate (1) tables of norms and
analyses, (2) bibliographies, and (3)
work files from data. encountered in scans
of specified regions of the new base are
now being tested. At this writing the
testing of the work-file generator has just
begun but the other two programs are
nearly ready for routine operation. Unfortunately, except for the Canaries test
file there is no data base on which they
might operate, routinely or otherwise, a
matter discussed in the concluding section
of this report.
Information Content and Structure of the
Data Base of the New System
For each item the existing base contains only a code number denoting the
name applied to the analyzed rock in the
source reference and the values recorded
there for each of the 15 essential oxides.
In the new base it will be possible to include also all available trace element determinations as well as considerable information about petrographic and
geological characteristics, stratigraphic
age, and mineral assemblage, the latter
for phenocrysts and groundmass separately.

Age terms employed in the new system
are those recommended in the 1956 report
of the Geologic Names Committee of the
U.S. Geological Survey. Expansion of the
number of age terms is possible, arid a
widely accepted Precambrian stratigraphic terminology comparable to that
available for Paleozoic and later time
would be desirable. (Radiochemical ages
could be incorporated in the system bur
would be of little use as sorting specifications since they are available for very
few of the rocks for which complete
chemical analyses have been published.)
Mineral names currently in use include
quartz, olivine, and those of the commoner species of rock-forming feldspars,
feldspathoids, micas, amphiboles, and
pyroxenes. Petrological terms include
those most commonly used to characterize mode of occurrence, state of preservation, grain size, crystallinity, texture, and
structure. Mineralogical and petrological
data are stored, in coded form, in three
words of each specimen vector, one for
petrological terms and one each for the
groundmass and phenocryst mineral assemblages. Literal equivalents of age
nouns and adjectives are also stored in
the mineral assemblage words.
The system vocabulary now contains
30 mineral names and 30 petrological
terms. Although enlargement of these
figures would require no change of program logic and would not seriously increase storage requirements, it would materially complicate the nonelectronic
aspects of data processing. At present,
the preparation of card copy is very
simple, and all information about a specimen except trace element data fits on a
single card. Either or both these convenient characteristics will be lost if the
number of nonsynonymous mineral
names or petrological terms in the system
vocabulary is increased.
Because both the specimen vectors and
the records in which they are grouped
vary in length, the file structure of the
new base is rather complex, and programs
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reading it must be able to handle more
directory information than previously.
This, however, is not a matter of concern
to the user, who need not even know in
advance whether mineralogical data,
petrological data, or determinations of
trace elements of interest to him are
available in the analyses he wishes
scanned; analyses lacking any such item
mentioned at any point in his scan specifications are automatically rejected. (If
no mineralogical, petrological, or trace
element information is mentioned in the
scanning specifications, the new system
will yield the same retrievals and reductions as the existing one.)
It is evident, however, that inclusion
of this previously unavailable information in readily accessible form in the new
data base will enormously increase the
potential power of the associated retrieval and reduction programs. In the
new system, as in the existing one, the
most important of these is the one that
generates a work or problem file from
data encountered in the scan of specified
regions of the data base. It is also in the
organization and execution of this crucial
task that differences between the two systems are most pronounced.
The Work-File Generator of the
New System
The work-file generator, keystone of
the new system as of the old, is designed
to perform the electronic equivalent of
all the more or less routine procedures by
which, in a conventional library search,
petrographic information is transferred
to the reader's notebook from source references shelved somewhere in the library
stacks. Its first operation is analogous to
the processing of a call slip; its last is one
many scholars neglect, the preparation of
a detailed index of the contents of the
notebook. At intermediate stages it examines enough of every item in each
"book" delivered by the "stack attendant" to determine whether the item is to
be read in full, reads those that pass its

test battery, extracts or compute.-, from
each the information it has been instructed to retrieve, and stores this information in the work file, the electronic
"notebook."* Figure 181 is a schematic
flow diagram of the new work-file generator. The reading, interpretation, storing, and listing of instructions are shown
in section A of this diagram. The actual
scan of the data base starts when all instructions have been processed; it is
shown, in highly abbreviated form, in
section B of the diagram.
The file generator must always operateunder strict instructions, and the greater
the information content per item in the
data base, the more extensive and varied
these instructions may be. The new workfile generator receives each instruction in
a separate list, identified by a threecharacter label or signature on its first
card. Although the number of different
types of instruction the generator must be
able to process is very large — 117 at the
present writing and still growing — only
as many as are required by the scan specifications are used in a single execution;
19 are permitted, but as few as 2 may be
sufficient. The first character of the label
categorizes the list and triggers a transfer
of control to the section of the program in
which lists of this type are processed.
Currently valid list categories are shown
in Table 55. If the list elements are nonmetric, the second and third characters of
the label specify the way in which they
are to be used in the sorting. For example, if the first character of a label is P.
the elements of the list are phenocryst
minerals, and if the second character is
R, any specimen whose phenocryst assemblage includes some combination of
these list elements is to be rejected; the
* The analogy is helpful for purpose? of explication but must not be carried too far. In
particular, the work-file generator provides no
analogue for two extremely useful scholarly devices, viz., the simple art of undirected browsing
and the use of one reference as an entry to
others. The object of the system is to assist the
conscientious scholar, not to replace him !
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55. Code for Specifying Contents of a Data List

First Letter oi Label

Contents of Data List

R
P
M
A
F
\Y

Rock names (Troeger numbers)
Names of phenoeryst minerals
Names of groundmass minerals
Stratigraphic ages
Mode of occurrence descriptors
State oi preservation descriptors
Grain size descriptors
Crystallinity descriptors
Texture descriptors
Porosity descriptors
Preferred orientation descriptors
Sorting variables and their bounding values
Variables to be stored in the work file
Optional expressions (see text)
Regions of the data base (groups of logical records) to be scanned
Grouping of data in classes of the work file

S

C
T
H
0
B
V
X
L
K

third character specifies the combination,
e.g., at least 1. at least 2
all, all and
only.
Most of the remarkable expansion in
the kind and number of instructions the
file generator must be able to read and
process is a consequence of the inclusion
of nonmetrie data in the base. Although
geologists are now accustomed to dismissing qualitative determinations as merely
inaccurate or imprecise quantitative ones,
proper use of qualitative data may be
as rewarding as is that of quantitative
data and is certainly as demanding intellectually. In conventional nonelectronic
sorting these demands are sometimes
loosely interpreted, but if qualitative decisions are to be made by electronic
rather than human reflexes the ground
rules must be both unambiguously specifier! and adhered to without exception
during any particular scan.
Two opposed examples of such specifications arise in the processing of attribute data by the work-file generator. In
one the generator reaches a decision in
a fashion the user would almost certainly
regard as absurdly pedestrian if he were
aware of it. but there is no need for him
to be aware of it. In the other, the generator provides a number of options from
among which the user must choose; after

a little consideration most users will
agree that a firm specific choice is indeed
required, though in conventional nonelectronic practice something less than strict
adherence to the selection schedule is
often tacitly permitted.
Consider first a request to the work-file
generator to accept (or reject) all rocks
of some particular stratigraphic age. In
the data base the age recorded for each
analysis is the most specific one contained in the source reference. If the
noun of the request is nonhierarchic and
the adjective is "lower," "middle," or
"tipper," the comparison is a simple one.
Either a rock is described as, say, "middle
Devonian" or it is not. Suppose, however, that the noun accompanying the
same adjective is a hierarchical one, for
example, "Paleozoic." On receiving this
instruction, the file generator must automatically add to the check list of ages all
nouns or adjective-noun combinations
considered to denote middle Paleozoic
age. In this sense, further, every
age noun is hierarchical if its associated adjective is either "pre" or
"post." A search for post-Permian rocks
must lead to exactly the same retrieval
as a search for post-Paleozoic ones; a
search for post-Carboniferous rocks must
pick up all Permian and all post-Paleo-
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zoic ones, etc. Thus, the work-file generator must be equipped with an elaborate set of control-path options based
upon the hierarchical structure of the
system age-vocabulary, but the user need
not concern himself with this complication at all; the decision as to which control path is to be followed is completely
implicit in the age specification.
A very different situation occurs in the
processing of mineral assemblage or penological descriptor specifications. How,
for instance, is the mineral specification
"quartz, microcline, sodic plagioclase," to
be processed? The generator is equipped
to accept (or reject) analyses of materials described as containing any one of
these list elements, any two, all three, or
all and only the three. These options may
lead to different results but the choice
among them is not implicit in the mere
list of names, as in the case of age specifications, and accordingly must be provided by the user.
The distinction at issue is between
what may be called single-attribute, as
opposed to multiple-attribute, properties.
However many ages are included in the
search specification, no item being sought
can be characterized in the data base by
more than one age. Age, like rock name,
is a single-attribute property; there is
only one correct way in which an age list
can be processed, and this way is completely implicit in the age terms contained in the list. But a single specimen
encountered in the scan may contain
many minerals (the system vocabulary
recognizes 30, a few of which are mutually incompatible) . Even if the mineral list consists of only one name, there
are still two different ways in which it may
be used, for the set of rocks in which the
specified mineral is the only phenocryst
is a subset, and possibly a very small subset, of the set in which the specified mineral is a member of the phenocryst assemblage.
As noted above, the second character
of the signature of an attribute list in-

forms the work-file generator whether
analyses satisfying the list are to be accepted or rejected. For some attributeit would be extremely useful to be able to
include both types of list in the same a I
of scan specifications; for others it would
be redundant. The distinction is again
between single- and multiple-attribute
properties. A decision to accept items
characterized by any one of certain
single-attribute properties is automatically adecision to reject those lacking all
these attributes. Every possible selection
based on such attributes can be made
from either an accept or a reject list:
there is no need for both. For multipleattribute properties, however, the situation is very different. A decision to accept analyses of porphyritic rocks, for
instance, will not lead to the rejection of
rocks that are granophyric unless they
also happen to be nonporphyritic. Accordingly, ina single set of scanning specifications the work-file generator will
process both accept and reject lists of
mineral assemblages or petrological descriptors but only one or the other for
age and name specification lists.
Instruction Format of the New
Work-File Generator
Users of the existing system will recall
that preparation of input for its work-file
generator is difficult, tedious, and subject
to considerable clerical error because all
variables are referred to by number
rather than name, and the sequencing
both of instruction lists and of elements
within those lists is rigidly specified. In
the new work-file generator all variables
are referred to by their system names and
both the sequencing of elements within a
list and the order in which lists are submitted are largely at the user's discretion.
For instance, a set of cards with the following signatures and lists
PA2
PR1
FA1

olivine ; nephelite
biotite; phlogopite; aemite; alkali
amphibole
flow; dike
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will select the same analyses as the set
PRl
FA1
PA2

alkali amphibole; phlogopite; biotite ; acmite
dike; tW
nepheline ; olivine.

Kit her set of lists will retrieve analyses of
all rocks described in the source references as flows or dikes containing phenocrysts oi both olivine and nepheline and
lacking phenocrysts of biotite, phlogopite. acmite. and alkali amphibole. Additional lists may be introduced specifying
other sets oi properties to be used in sorting, and there must of course be lists specifying regions of the base to be searched
and variables or attribute words to be
stored.
The new instruction format has proved
so convenient that it will gradually be
introduced into all system programs. Its
denotation of list elements by chemical
symbols, mineral names, or penological
words, its leniency with regard to the sequencing of most lists and of elements
within most lists, and its use of free field
format make it readily adaptable to conversational operation.
The Optional Expression Interpreter of
the New Work -File Generator
With the existing generator the user
may insert a list of up to 10 algebraic ex— ions* of up to 80 characters each at
operation time. These expressions, whose
ands are numerical coefficients or the
names of system variables, are interpreted during the list processing, and
their current values are then computed, if
required, for each analysis encountered in
the -^an. Any expression whose last operator is an inequality is automatically
added to the test battery used in the
-fan: the current value of an expression
that contains no inequality is automatic*Op< ators permitted include any sequence

of addition, subtraction, multiplication, division,
^nd exponentiation. .Simple parenthetic phrasing is allowed.
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ally added to the save vector of each
analysis that passes the test battery.
In the new tile generator twenty such
expressions may be processed in a single
execution, logarithms may be used, the
current value of an expression that is an
inequality may be added to the save vector if the analysis from which it is computed passes the test battery, expressions
may be explicitly named, and the fcth
expression in a list may be used as an
operand in the nth expression if n > k.
The following, for instance, is a valid optional expression list in an execution of
the new work-file generator:
X

ALC

=

CAC

= MCAO

CNAN

MAL203

-

MK20
MNA20

> 0

— 3.3*MP205 MC02 - ALC > 0
= CAC/ (ALC +CAC)

The signature of this particular optional
expression list is simply aX," wrhich
appears as the first character on the first
card of the three-card list. Variable ALC
is the excess of molar ALOs over that
required for alkali aluminosilicates, and
the inequality operator instructs the file
generator to reject analyses in which
there is no such excess. Variable CAC is
the molar excess of CAO available for
silicates over that AI2O3 not assigned to
alkalies, the inequality operator again
assuring that accepted analyses do indeed exhibit such an excess. Specimens
surviving the screening of expressions 1
and 2 are thus metaluminous in the sense
of Shand or calcalkaline in the sense of
Holmes. In such rocks ALC is the molar
amount of CaO assigned to normative an,
and CNAN is that proportion of the
molar CaO assigned to silicates that is
available for nonfeldspathic molecules,
nearly always di, sometimes wo, very
rarely tn or In. For every analysis in
which ALC > 0 and CAC > 0 the value
of CNAN will, and the value (s) of ALC
and/or CAC may, be saved.
The naming of an expression of course
consumes characters that may sometimes
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be needed, since no expression may contain more than 80 characters and 3 of
these are lost to the signature on the first
expression of a list. But the naming option need not be exercised. If, for instance, "CAC =" were omitted from the
second expression above, the third would
be written CNAN = XPR2/(ALC +
XPR2) , XPR2 being the implicit name of
the second in a list of optional expressions.
In the new system, variable names assigned directly by the work-file generator
are used subsequently as column or row
captions in tables or as the labels of coordinates indiagrams produced by system reduction programs. The naming option for optional expressions is thus
essentially a convenience, automatically
assuring consistency between names appearing in the file description produced
by the work-file generator and the output of other system programs subsequently reading the work-file. Recognition of the log function and validation of
the names of optional expressions as
operands in subsequent optional expressions, on the other hand, materially increases the power of the system; in routine operation the new system can generate almost any petrographic or geochemical parameter so far proposed in the
literature.
Relative Costs of Storage
and Unpacking
Development of a rock information
system accessible to users via remote
terminals is one of the major long-range
objectives of the work. Such a system
would have to be maintained in active
mass storage at the central facility for
whatever time periods its services were to
be available, and experience to date suggests that storage charges incurred in this
wray would be the largest single computational item in its operating budget. In
the computer facility at which the work
reported here is being done the charge for
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active storage varies; directly with the
amount of space occupied by the data
base. In the design of the new data base,
accordingly, much effort has been devoted to reducing the space requirement.
Although the system recognizes 30 mineral species, for instance, the recorded
phenocryst assemblage is allotted only
one word, part of which contains age information; essential oxides are packed
two to a word; the chemical symbol of
each trace element is stored in the same
word that contains its concentration in
ppm, etc. The result is a very compact
specimen vector which, after it has been
brought into core, must be unpacked
before it can be expeditiously processed.
It thus becomes important to compare
the reduction of storage charges obtained
by packing with the additional computational charges involved in the unpacking
that now precedes processing.
With packing procedures incorporated
in the new base generator, specimen information contained in the present data
base could be stored in half as many ( 36
bit) words as are now required. Preliminary experimentation with the new workfile generator suggests that, at present
rates for storage and computation, more
than 10 packed specimen vectors can be
unpacked in core for the daily cost of
maintaining one unpacked specimen vector in active mass storage. Thus, if the
level of activity is less than the equivalent of five complete scans of the base per
day, a packed base is preferable to an unpacked one; the current level of activity
is well within this limit and is expected
to remain so.
Packing would thus be advantageous
even in a data base containing only essential oxides and a rock name for each
specimen. It is very nearly mandatory
if any considerable amount of nonmetric
information is to be included. With unpacked specimen vectors of fixed length,
for instance, as in the existing data base,
92 words per analysis would have to be
reserved for the stratigraphic, mineralog-
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ical, and petrographic descriptors which,
as has already boon mentioned, are stored
in only three words of the new data base.
d allowing for the cost of unpacking,
inclusion of attribute data in packed
form is inexpensive, whereas its inclusion
in unpacked form might be prohibitively
costly.
( 'ons true ting a Data Rase for the
Xeie System
Usage of the existing system has been
somewhat restricted by its limited information content and coverage. Increase of
information content will eliminate the
need for limitation of coverage, and from
this point of view a readily accessible information system for igneous rocks of all
types and ages is now feasible. One prerequisite for such a system is, of course, a
-uitable data base.
In most references the information
stored in the existing data base is contained in tables of fairly standard format
from which its extraction, though tedious,
is usually very simple. The new system
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is designed to exploit a base containing,
in addition to the data stored in the current one, a large assortment of information, most of which is embedded in
text in such a way that considerable
judgment must be exercised in deciding
whether the textual material actually
applies to the analyzed specimen (s).
Construction of a data base for the new
system will thus be a far more demanding
task than was that of the existing base.
Each of the source references must be
carefully read by a well trained penologist thoroughly familiar with the language in which it is written.
If the new base is to be available to the
profession in the reasonably near future
this labor will have to be shared, and the
language situation almost requires that
the sharing be international. Whether organizational affiliation should be sought
for the project from the outset or the first
steps should be taken informally is a
difficult question now under careful consideration; advice concerning it is earnestly solicited.

MINERALOGY: SPECTRA, STRUCTURES,
PHYSICAL PROPERTIES
CRYSTAL-FIELD

SPECTRA

( rv-tal-fleld effects of teivalent
Titanium in Fassaite from the
Pueblo de Allende Meteorite
U.K. Mao and P. M.Bell

The meteorite that fell and was collected at Pueblo do Allende, Mexico, in
1969 contains a fascinating suite of minerals, many of which would normally be
thought to be chemically incompatible.
One of the minerals occurring in chondrules from the Allende meteorite is an
iron-free, trivalent-titanium bearing pyroxene, fassaite. Chemical incompatibility of the oxidation state is evident in this
and other minerals of the Allende assemblage, such as metallic-iron and the
ferric-iron bearing garnet, andradite.

Special features of postulated Ti3+ in
Allende pyroxene have been observed,
and their interpretation has been actively
discussed (Dowty and Clark, 1973a, b;
Burns and Huggins, 1973) . Trivalent
titanium in a pyroxene is rare, especially
without iron. These fassaites provide an
excellent opportunity for special measurement of Ti3+, so that the structural
role of titanium can be ascertained. Unfortunately iwas
t
not feasible to optimize
techniques in the recent studies with the
available crystals (Dowty and Clark,
1973a, b) , and band assignments were
arbitrary.
In the present study a high-resolution
technique was employed that produces
spectra of high quality on crystals of
small dimensions
(minimum,
approxi-
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TABLE

Si02
Ti02
A1203
Cr203
FeO
MnO
NiO
MgO
CaO
Na20
K20
Totals

56. Chemical Compositions Determined by Electron Microprobe
(rirn)
Rhdnite
Rhonite
I^assaite
17.48
20.25
24.87
0.16
4.66

0.00

15.25
14.50
0.01
0.02

99.42

98.30

98.25

0.11
0.00

0.08

Composition
Thin sections of chondrules from Allende were obtained from the U.S. National Museum through A. El Goresy and
B. Mason. Electron microprobe analyses
of the pyroxene grains studied are given
in Table 56. No previously studied py13
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22.41
26.47
0.15

0.00
0.31
16.65
13.87
0.05

mately 30 /xm) and is applicable at high
pressure. The goal was to obtain an improved interpretation of the spectra and
to contribute to the understanding of the
complex Allende meteorite by obtaining
a better determination of the valence
state of titanium.
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Fig. 182. (A) Polarized spectra of Allende Ti-fassaite at 1 atm.
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Fig. 182. (B) Polarized spectra of fassaite at 1 bar, 20 kbar, and 40 kbar (single crystal). The
doublet at 650 nm splits with increasing pressure. The higher energy peak of the doublet shifts to
higher energy at a rate of —0.5 nm/kbar, while the lower energy peak remains stationary.

roxenes contain so much titanium (17.35
wt % l with so little iron (less than 0.1
wt % i . The titanium is supposedly in
the reduced state, Ti3+, whereas andradite
occurs in the same assemblage (Fuchs,
1 971 i . The role of iron in this assemblage
is further complicated in the mineral
rhonite. Rhonite coexisting with fassaite
is wrongly zoned, with nearly iron-free
cores that gradually grade to iron-rich
rim- (Table 56). Apparently iron diffused into rhonite during a stage of the
meteorite's history that left pyroxene
unaffectf-d.
The titanium pyroxene is also rich in
calcium and aluminum (Table 56). This
observation suggests possible compositional relationships with gehlenite and
perovskite in the assemblage, but the
phase relations in this titanium-rich system are not known.
Minor amounts of

anorthitic plagioclase, spinel, olivine,
sodalite, and cordierite accompany both
ortho- and clinoenstatite in the chondrules. Some attempts to fit equilibrium
data to disequilibrium assemblages have
been made (Fuchs, 1969), but it appears
that the formation of the Allende meteorite cannot be readily deduced from compositional data alone.
Crystal-Field Spectra
Fassaite crystals in this section and in
oriented, doubly polished grains were
studied at 1 atm and at a range of high
pressures to 40 kbar. Polycrystalline
fassaite was studied in the range from 1
atm to 300 kbar. The purpose of applying pressure was to vary the crystal-field
intensity and track the response of band
energy. This method provides a useful
measure of the energy levels of crystal-
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Fig. 182. (C) Spectra of polycrystalline fassaite at 1 bar and 100, 150, 200, and 300 kbar. The d-d
band shifts to higher energy and the charge-transfer band gains intensity with increasing pressure.
The 650 nm doublet is resolved at 300 kbar. The arrows indicate the shift.

field transitions as a function of A0 (crystal-field parameter) in the assignment of
absorption bands (Bell and Mao, this
Report) .
Polarized spectra at 1 atm are shown
in Fig. 182A. It was possible to resolve
bands at 470 and 600 nm previously observed byDowty and Clark (1973a) and
Burns and Huggins (1973) and to resolve
an additional broad band at approximately 670 nm. The basic difference in
interpretation is the assignment of the
bands at 470 and 600 nm to a splitting of
the 2T2g -> 2Eg transition in Ti3+ or the
assignment of the 470 nm band to the
crystal-field transition and the 600 nm
band to a charge-transfer transition between Ti3+ and Ti4+. A single-crystal field
band of Ti3+ usually occurs near 500 nm
(Bell, Mao, and Weeks, this Report).
The additional band observed in the present study near 670 nm is not normally

seen in the Ti3+ spectra, perhaps because
it is broad and of low intensity.
Figure 182B shows polarized spectra of
the same oriented single crystal, mounted
in immersion oil in a diamond-windowed
pressure cell and raised to approximately
10 bars, 20 kbar, and 40 kbar. The two
bands at 470 and 600 nm shift to higher
energy, as predicted for crystal bands of
Ti3+ by energy-level calculations (Bell.
Mao, and Weeks, this Report) . It is very
likely, therefore, that the assignment of
the bands to the splitting of the spinallowed transition in d1 is correct. Data
obtained at higher pressures and described below suggest that the hypothesis
of a charge-transfer transition is also
correct.
Figure 182C shows spectra measured of
a polycrystalline mount of the Allende
fassaite at 1 bar and 100, 150. 200
kbar. The bands assigned to the crystal-

492

CARNEGIE

field transition can hardly be resolved because of increased scattering. The 670nm band can be seen to emerge prominently at 300 kbar, consistent with its
assignment to a charge-transfer transition. Increased background, such as that
due to scattering and to the shift of the
low-energy edge, can cause peculiar
effects on bands, by shifting apparent
energy upslope and by creating misleading enhancement of spectral regions.
However, the present data appear sufficiently consistent to relate bands from a
single crystal under hydrostatic pressure
to those of a single crystal and of a polycrystalline aggregate under nonhydrostatic pressure.
Conclusion
The spectra measured on the Allende
fassaite support the assignment of the 1atm bands at 470 and 600 nm to the crystal-field transition 2T2g -» 2Eg in Ti3+ and
the band at 670 nm to the charge-transfer
process Ti34 -» Ti4\ The data suggest
that in principle both previous assignments were correct. The present spectra
polarized at 1 atm were of sufficient quality and resolution for observation of
weak, broad bands overlapped by other
bands and to confirm the existence of Ti3+
in the Allende meteorite.
Crystal-Field Transition and Electron
Paramagnetic Resonance of Trivalent
Titanium in Iron-Free MagnesiumAluminum -Calcium-Silicate Glass
Synthesized under Controlled
Oxygen Fugacity
P. M. Bell, If. K. Ua<>, and R. W. Weeks*

Titanium, normally present in minerals
in the quadrivalent state, is easily reduced to its trivalent state when dissolved in silicate liquid (Mao and Bell,
Year Book 72, pp. 629-631). Trivalent
titanium is postulated to be an important
* Oak Ridgf; National Laboratory, Oak Ridge,
T"- nrif-.-see.
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constituent of magmas in the earth and
on the moon because it strongly influences the oxygen fugacity and therefore
acts to control the reaction path. Much
has been written on the effects of trivalent titanium in igneous silicate systems
(Bence and Papike, 1972; Dowty and
Clark, 1973a ; Green et al, 1974; Hollister
ct «/., 1971; Ringwood and Green, 1974;
Burns and Huggins, 1973) , but the analysis of trivalent titanium in these systems
has seldom been successful. Because of
the importance of titanium as a major
chemical element in igneous melts and
the necessity of analyzing it quantitatively, the present study was undertaken
to identify and systematically determine
trivalent titanium in silicate glasses synthesized under controlled oxidation conditions.
The techniques of analysis included the
measurement of crystal-field and electron
paramagnetic resonance spectra. These
spectra are determined by the interaction
of the single d-electron of trivalent titanium with the electric field of the surrounding ions. The techniques are otherwise independent and are nondestructive.
A bulk sample of glass was synthesized
from oxides by melting at 1450°C (1 bar
pressure) to produce the composition
Si02, 50.82 wt % ; A1203, 8.19; FeO, 0.05;
MgO, 19.30; CaO, 9.99; Ti02, 11.65.
Except for iron, this glass has a composition close to that of lunar basalt. Iron
causes a charge-transfer interaction with
quadrivalent titanium that partially interferes with some of the crystal-field
effects, so it was not included. Ferrous
iron may have a destabilizing effect on
trivalent titanium in natural basalt
liquids, but this effect has not been demonstrated.
Synthesis Experiments
The glasses prepared at 1 atm described above were remelted at 1400 °C
in a gas furnace whose oxygen fugacity
was controlled by the calibrated flow of
mixtures of H2 and C02. Small beads
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(approximately 0.5 cm in diameter) of
glass were suspended in the furnace by
a fine Pt wire. After being held as liquids
for 6-8 hours, the beads were quenched in
Hg and analyzed by electron microprobc.
Crystal-Field Spectra (298° K)
In an octahedral crystal electric field
the one <i-electron occupies the T2
ground state. A single optical absorption
band observed near 500 nm in oxides containing Ti3+ has been confirmed as due to
a t2y -> eg transition (Orgel, 1960), and
this band is commonly noted and associated with the purple color of many trivalent titanium compounds (Cohen et al.,
1967).

The T2 and E states; are split by distortions of octahedral symmetry, and this
splitting has been observed in the case of
Ti3+ in pyroxene (Burns and Huggins,
1973). A single band nearly centered at
500 nm was observed on a steeply rising
absorption, which increased with decreasing wavelength. The width and shape of
the 500-nm band is indicative of a single
absorption band, and hence no splitting is
observed. It is tentatively assumed that
the Ti3+ ion is in an octahedral crystal
electric field. Absorption coefficients
(cm-1) of glasses quenched in air and at
-6.6, -7.5, —9.1, -10, —11.6 log P<>2
atmospheres are plotted against wavelength in Fig. 183. The oxidized sample
("air") contained no detectable trivalent

Synthetic titanium-rich
ron-free basaltic glass
uenched at I400°C)

400

800
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Fig. 183. Crystal-field spectra of trivalent titanium in quenched silicate glass.
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TABLE

Sample
No.

TOG-21
TOG-22
TOG-7
TOG-23
TOG-26
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57. Intensity Ratios of EFR Signals and Optical Bands

r(300°K)

J(TOG-x)
300°K

r(100°K)

/(TOG-26)
0.00
0.13

0.14
0.12
0.13
0.10
0.11

0.11
0.45

titanium, all apparently being in the
quadrivalent state, which has no crystalfield transition. At lower oxygen fugaeities the size of the absorption band increases proportionally with the Ti3+/Ti4+
ratio until log P<>, = —11.6, where the
maximum amount of titanium at this
temperature is apparently in the trivalent
state. No increase in the band intensity
was observed at lower oxygen fugacity at
1400 °C. The relative amount of Ti8+ was
estimated from integrated areas of the
bands and is given in Table 57, but it was
not possible to determine the absolute
amount from the present data.
Electron Paramagnetic Resonance
Electron paramagnetic resonance spectra were measured at 100 and 300K
temperatures. Plots of the resonance at
300 and 100K are shown in Fig. 184 for
some of the glasses. An intense spectral
component was observed in the spectrum
of the glasses with trivalent titanium
with goh9 = 1 .9.") i fobs = hv/ftH where
/'. r. ti. and H are Planck's constant,
spectrometer frequency, Bohr magneton, and magnetic field, respectively.)
The parameters of the component are in
accordance with the parameters expected
for Tiv i Pureed and Weeks, 1971). The
glass quenched in air had one component
with gobi = 4.26 caused by Fe3+ (R. A.
Weeks, 1973). In addition to the Ti3+
components in the reduced glasses, intensities of additional components are small
compared to the intensities of the Ti34

/ (TOG-x)
-1
100°K
/(TOG-26)
0.073
0.12
0.35
0.59

J+(TOGTi Optical
3+(TOGTi
0.12
0.20
0.46
0.77
1

components. The additional components
observed are indicated by the brackets
labeled "FMR'? in Fig. 184.
Data for 300 and 100K are given in
Table 58. Table 57 shows the ratios of
the intensities at the two temperatures.
If the simple Boltzmann factors were assumed, the ratio J(300K//(100K) would
be approximately 0.3. The smaller value
observed is caused by a larger increase in
intensity at lower temperatures than that
expected for noninteracting paramagnetic
states. Magnetic exchange interactions
may be causing alignment of Ti3+ spins in
addition to that produced by the applied
magnetic field. This interpretation is
supported by the decrease in the intensity
ratio with increasing concentration of
trivalent titanium.
Table 57 also lists the intensities of the
EPR resonances normalized to the results
for the glass quenched at log Po„ =
— 11.6. These ratios support the contention that exchange interactions may be
responsible for the detection of resonance
transitions at 300K. The larger increase
in intensity of the Ti3+ component in the
least reduced glass (TOG-21), compared
to the most reduced glass (TOG-26) , may
be due to the fact that a considerable
fraction (-0.5) of the Ti3+ ions in TOG21 is not involved in TOG-26. This fraction consequently has, at 300K, a very
(<10~10
time of
relaxation
spin-lattice
short and
sec)
resonance
absorption
these
ions has a much greater line width than
the ions contributing to the observed
absorption.
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Fig. 184. Electron magnetic resonance spectra of trivalent titanium in quenched silicate glass, (a)
TOG-1 (air) ; {b, c) TOG-21 (Po2 = lO"66) ; (d, e) TOG-26 (Po2 = 10"116) ; (/) expanded scale of e.

Comparison and Summary of the
Measurements
Comparison of the crystal-field and
EPR methods in this study can be made
at 100K, where most of the trivalent ions
contribute to the EPR, by noting the
values listed in the fourth and fifth columns of Table 57. There are deviations,
which are probably caused by overestima-

tion of the crystal-field absorption or
underestimation of the EPR signal, but
the agreement is satisfactory.
The present study provides a basis for
quantitatively determining trivalent titanium in silicate glass by two techniques
that require small samples. (Average
sample weight in this study was 0.01 g.)
There are obvious applications in analyz-
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TABLE

58. Parameters of Tis+ EPR in TOG Glasses
K

K

T = 300'
Sample
No.
TOG-21
TOG-22
roc;-;

TOG-23
TOG-26

-6.6
Po,-7.at
5
Quench
-9.1
-10.0
-11.0

INSTITUTION

0

A//

1.943
1.0 02
1.012
1.0 18
1.010

73.3
73.3
78.3
75
7S.3

ing small glass fragments from terrestrial
and hmar lavas. The study not only provides relative values for the Ti3+ (fi:?+ +
Ti!"i ratio of samples whose titanium
content is known but relates them to oxygen fugacity as well. It should be possible to deduce information on the chemical
environment in which the glasses were
quenched. This information is indispensable in determining the chemical history
of samples from the lunar surface. The
optical spectra should also be useful in
the interpretation of earth-based telescope spectra of the surfaces of the moon
and planets (Adams, 1974a).

Crystal-Field Spectra of Fe2+ and Fe3+
ix Synthetic Basaltic Glass as a
Function of Oxygen Fugacity
P. M.Bell and H.K.Mao
i Optical spectra of basaltic glass have
been employed in determining the oxidation of constituent iron in lunar samples
(Bell and Mao, Year Book 72, pp. 629630 1 and in the interpretation of earthbased telescope spectra of the lunar surface (Adams, 19746). The identification
of ferric and ferrous iron and the determination of their relative proportions
must be further related to the oxygen
fugacity at the melting temperature in
order to (\<<h\<-c the chemical atmosphere
that existed during the formation of the
glass. The present experiments were conducted under controlled atmospheres on
synthetic basalt glass at 1400°C. Measurements of the crystal-field spectra of
the quenched charges form the basis of

arbitrary
units

Q

04.4
15.6
414
537.0
1020

T = L00'
MI

1.039
1 .039

78.3

1.937
1.938

81.7
88.3
91.7
95.0

1.942

the
ships.oxygen

/
087
1320
3310
5520
9430

fugacity-spectral

relation-

Experimental Synthesis
A synthetic glass was prepared from
oxide mixes at 1 atm. Analysis by electron microprobe gave FeO, 24.71 wt % ;
MgO, 16.46; A1203, 6.98; Si02, 43.34;
CaO, 8.51. Pieces of the glass were suspended on thin (0.010 inch diameter) Pt
wire in a gas mixing furnace that used a
flow of H2 and C02. The charges were
held for approximately 24 hours and then
quenched in Hg. The charges lost iron,
virtually all of which was absorbed by
the Pt wire. Table 59 shows the electron
microprobe analysis for the iron content
of the wire after the quench. The iron
content increased with lower P0„ until the
wire became essentially an iron wire. The
iron content of the basalt glass is given in
Fig. 185 for each P0o studied.
Optical Spectra
Figure 185 shows optical spectra of
glasses quenched from — log Po2 = 0.7,
6.6, 7.5, 9.1, 10.0, and 11.6. iVair, the
glass exhibited no spectral bands in the
TABLE 59. Iron Content of Platinum Wire in
Contact with Quenched Glass Determined by
Electron Microprobe
FeO in Pt,

/o

— log Po2, atm

181
45
18.0

0.7
6.6
7.5
10.0

96

11.6
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21.37
19.97

10.0

c

Fe0wt%

.6

19.
7.73

O

O

-o 100
<

0
300

500

!000

1500

2000

Wavelength, nm
Fig. 185. Optical absorption spectra of analyzed synthetic basalt glass at —log Po2 = 0.7-11.6.

regions studied. A shoulder caused by
the Fe3+ charge-transfer transition is
noted. At increasingly lower values of
Po2, two bands near 1000 and 1900 nm
were observed. These bands are caused
by octahedrally coordinated Fe2+ (Bell
and Mao, Year Book 72). A small but
reproducible band at 545 nm is observed
on the charge-transfer slope. This band
is close to the Fe3+ band in pyroxenes
caused by a spin-forbidden transition
(Bell and Mao, Year Book 71, pp. 531534) and by analogy is probably also
caused by Fe3+ in these glasses. The band
is lowered in intensity with decreasing
Po2 and is not detected in glasses
quenched at the lowest P0o studied
(—log Po2 = 11.6). The band has also
been observed in the spectra of oxidized
melting glasses that contain Fe3+ (Stair,
1955).

Applications
The greatest difference between glasses
quenched in air and those quenched
under more reducing conditions is the
appearance of the relatively strong 1000nm band caused by octahedral Fe2\ Samples of basaltic lunar glass exhibit this
band (Mao, El Goresy, and Bell, this Report) ,and it should be possible to correlate the spectra with telescope data of
the moon and more oxidized planets such
as Mars (Mao and Bell, this Report).
Oxidation State of Irox in a
Muon Nong Tektite
P.M. Bell and H.K.Mao

Tektites are small objects, usually less
than 6 inches long, consisting of silicate
glass that is remarkably uniform in com-
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position. They are believed by most observers to be oi extraterrestrial origin,
but there are oppositions to this view.
Tektites contain surface markings and
sculptures that are characteristic of objects having undergone ablation in the
atmosphere at supersonic velocity. The
_ graphical distribution is broad but is
restricted to "'strewn fields" that are believed to conform to patterns of descent
trajectory after injection into the earth's
gravitational field (Adams. 1963).
Many tektite studies have been made
(O'Keefe, 1963) because of a postulated
lunar origin, but data on the Apollo samples have for the most part ruled out the
possibility of a lunar origin, at least on a
simple basis (Chao. 1963). Tektites are
apparently not related to meteorites or
terrestrial volcanic rocks (Stair, 1955),
and several studies of the optical absorption properties of tektites were made for
use in the interpretation of earth-based
telescope spectra in the search for tektite
material on the surfaces of other planetary bodies. The spectra were also
studied to determine the oxidation state
of constituent iron, but until recently
techniques have not been sufficiently
sensitive to determine the ferric-ferrous
iron ratio. The present measurements
were made on a Muon Nong tektite from
Indochina (indochinite) provided by Dr.
I.. Walters of the Goddard Space Flight
Center. High resolution spectral techniques were employed, and it was possible to resolve Fe2+ and Fe3+ and to proTABLE 00. Chemical Composition of the
Muon Nong Tektite Determined by
Kleot.ron Microprobe, wt fA
Si02
76.13
TiOj
0.77
AIjOj
11.63
FeO
3.92
0.00
MnO
MgO
1.89
2.12
CaO
NajO
0.02
2.11
K20
Total

00.58
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duce data that should be useful in the
interpretation of telescope spectra
(Adams, 1974a).
Composition
A rectangular glass plate 2 X 2 X 0.1
cm was cut from the indochinite and
polished. The composition was determined by electron microprobe (Table
60) . Analyses made along traverses
across the plate exhibited little variation
although flow lines were observed, similar
to those described by Chao (1963). The
surface was sculptured with ablation
marks, but otherwise no inclusions or
other effects were observed in the plate.
The bulk composition is very close to
that reported for the indochinites (C. C.
Schnetzler and W. H. Pinson, Jr., in
O'Keefe, 1963). The very small range of
compositional variation of this and other
tektites makes them unique. They are
typically too high in magnesia and silica
to fit any known rock type or to be a
common vapor product and are therefore
unlikely to be of volcanic origin.
The composition of tektites is close to
that of a mixture of 75% shale and 25%
graywacke (by weight) , and Taylor
(1962) proposed that tektites may have
formed from fused sediment. Other investigators, however, have argued against
a terrestrial sedimentary origin because
of the uniform composition of tektites
and because known impactites are vesicular, contain rock inclusions, and are significantly different in character (Chao,
1963). Tektites are apparently not related to meteorites or terrestrial volcanic
rocks, and their parental material remains unidentified at this time.
Schnetzler and Pinson (in O'Keefe,
1963) reported low Fe3+/Fe2+ ratios (0.1
to 0.2). The ratios are lower than those
of any known natural terrestrial glasses,
suggesting an extraterrestrial origin by
analogy with meteorites. Tektite melting
temperatures are in the vicinity of 1700°C
(Friedman, Thorpe, and Senftle, 1962),
where the partial pressure of oxygen in
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Fig. 186. Typical crystal-field spectra of the Muon Nong tektite.

air is significantly more reducing than
in the 1000°-1400°C melting range of
igneous rocks. The ferric-ferrous ratios
of tektites, however, are lower than those
of terrestrial igneous rocks at 1700°C by
a factor of 4 (Chao, 1963), and others
have suggested that tektites were formed
by meteorite impact. It is known that
shock waves can cause chemical reduction by a rapid disequilibrium heating
(Fuller, 1974) .
Optical Spectra
Crystal-field spectra of the rectangular
plate described above were measured and
are shown in Fig. 186. The strong bands
at 1000 nm and the weaker one at approximately 1800 nm are characteristic of
octahedrally coordinated Fe2+. There is
another weak, but real, band slightly
above 500 nm that is probably caused by
Fe3+. This assignment is based on calibration studies of glasses (Bell and Mao,

this Report) and on comparison with
spectra of natural and synthetic glasses.
Stair (1955) showed spectra of ferric-iron
containing glasses used in welding. Cohen
(1958) detected this band in a ferric-iron
bearing obsidian glass from Arroyo
Hondo, New Mexico. The band is observed insynthetic oxidized basaltic glass
but not in glass that has been chemically
reduced (Bell and Mao, this Report).
One can assign bands in glass only empirically. The assignment of the band at
500 nm to Fe3+ would appear satisfactory
on the basis of the spectral measurements
described above.
Discussion
The Muon Nong tektite used in this
study has a composition appropriate for
an indochinite. The crystal-field measurements detect the presence of major
amounts of Fe2+ and minor amounts of
Fe3+. When compared with lunar glass
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01 II I

(Mao, El Goresy, and Boll, this Report)
or with calibrated iron-silicate glasses,
the tektite has an oxidation state intermediate between —log Po2 = 11 and
-log /Vis not
= 6asatreduced
1400°C. as"That
the
tektite
lunar is.glass
and compares with synthetic glasses
quenched from an atmosphere of — log
P0
L0.5 at 1400V.
The origin oi tektites remains a puzzle.
A.S noted above, the oxidation state oi
tektites is relatively reduced at the melting temperature. The tektite studied can
be considered slightly more oxidized than
the most reduced lunar glass samples, but
the fact that tektites are more reduced
than they would be if they had melted in
the earth's atmosphere may suggest an
extraterrestrial origin. The absorption
spectra measured in the present study can
be used for the interpretation of telescope
spectra in the search for the source of
tektites in unexplored parts of the moon
and on the surfaces of planetary bodies.
A Study of the Crystal-Field Effects
of Iron in the Amphiboles Anthophyllite and Gedrite

INSTITUTION

mainly concerned with measurements of
the polarized spectra of iron in the most
distorted octahedral site (M4) of orthoamphiboles. The spectra also show bands
caused by O-H stretching, which can be
used to determine the bonding of water
in the structure.
Absorption Spectra
The polarized absorption spectra of
oriented single crystals of anthophyllite
and gedrite are shown in Figs. 187 and
188. The crystals were obtained from the
same samples studied by Finger (anthophyllite, U.S. National Museum No.
117227, Rabbit No. 30) and Papike and
Ross (gedrite, U.S. National Museum No.
96258, type 001), and reference to their
publications cited above may be made for
compositional data. Polarized spectra
were also measured at 10 and 20 kbar to
form the basis of energy-level diagrams
10
8 lO'crrT16
Wave number,

//. K. Mao and F. Si ifert
The crystal structures of anthophyllite
and gedrite are complex, but on the basis
of the x-ray refinement data of Finger
I Year Book 68, p. 283) and Papike and
Ross '1970 1. it is possible to determine
many of the highly diverse structural
characteristics of iron in these orthorhombic amphiboles. In the present
study, measurements of absorption spectra of anthophyllite and gedrite were
made to study crystal-field effects in iron
cations in their immediate coordination
sites.
The sensitivity of the spectral techniques ishighly dependent on the nature
of the iron sites in anthophyllite and
gedrite. Hum- (1970, p. 95) studied the
Ma of clinoamphiboles in which iron
is coordinated in four types of octahedral
3. The present determinations
are

1500

2000

Wavelength, nm

Fitf. 187. Polarized spectra of anthophyllite.
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from which the band assignments are
made. The assignments described below
take into consideration the fact that
88.4% of the iron in anthophyllite is in
the M4 site but that 66.6% of the iron in
gedrite is in the M4 site.
The relationship between the optical
and crystallographic directions of anthophyllite and gedrite is: a = a, p = 6,
y r= c. In Figs. 187 and 188 it can be
seen that the band intensities are strongly
polarized with optical direction. The
strongest band at 1 /xm (1 /xm = 103 nra)
is more polarized and intense in anthophyllite than in gedrite, but the portion
of the strong band shown at 2 /mi is similar in both minerals. The sharp, polarized
band near 1.4 /xm is split in gedrite but
not in anthophyllite. Other features of the
spectra include the sloping absorption of
gedrite in the region 400-700 nra, the
unsymmetrical and relatively broad nature of the 1 /xm band in gedrite, and the

Wave 10
number,8 10

IOOO
Wavelength,

cm"

1500
nm

2000

Fig. 188. Polarized spectra of gedrite.

minor bands at 400-550 run in both minerals.
The strong band at 1 /xm and the sharp
band at 1 .4 /xm shift to higher energy with
pressure at an approximate rate of — 1
nm/kbar, but the minor bands (400—500
nm) do not shift with pressure. These
observations are consistent with crystalfield transitions in octahedrally coordinated ferrous iron, except for the 1.4 //in
band, whose sharpness, intensity, and energy are the characteristics of a highenergy overtone of the O-H stretching
frequency in amphiboles (Burns, 1970 i.
Interpretation
The distortion of the M4 site in both
anthophyllite and gedrite tends to destroy
the center of symmetry and thereby increase the probability of a d-d transition
in ferrous iron. The exact symmetry of
M4 site is C, which is too low to be helpful in crystal-field analysis. The M4 site
in these minerals is similar to the distorted M2 site in orthopyroxene, so the
approximation of C2v symmetry used by
Runciman, Senguptas, and Marshall
(1973) for iron in enstatite can be followed.
The main bands at 1 and 2 /xm are
primarily caused by iron in the M4 site in
both minerals, but in gedrite the broadness and energy shift of a and y bands
may indicate contributions from the
other octahedral sites. The polarization
of the two bands is caused by crystalfield splitting and can be related to the
orientation of the site shown diagrammatically in Fig. 189. Using the approximation of C2v inferred above, the selection rules indicate that the transition is
split by the symmetry as follows: (a)
Ai -» Ax transition occurs at approximately 1/xm polarized to the Z direction
of M4. (b) A1 — > B1 transition occurs at
approximately 2 /xm polarized to the X
direction of M4. The crystallographic
data on the two minerals are consistent
with the observed polarizations and assignments. The a and (3 directions are
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stretching (Burns, 1970), and its strongpolarization in the a direction indicates
that the O-H bond is entirely oriented perpendicular to a chain and sheet in the
structure. These data on the bonding of
O-H and the data on the bonding of iron
described above are deduced from the
directional nature of the absorption
spectra.

;:-

Fig. 1S9. Diagrammatic orientation of the M4
:- =
octahedral site of gedrite
(from Papike and
Ross. 1972). The X. Y. Z directions are axes of
the approximating (V symmetry of the site and
are different from the a, b. c crystallographic
axes.

close to X and Z. respectively, and the
observed intensities are thus polarized.
The fi direction is more closely aligned
with Z in anthophyllite than in gedrite,
and consequently the intensity of the
band at 1 pm is more polarized to /? in
anthophyllite. The broadness and energy
shift of the 1 p.m band in gedrite may be
caused by the next nearest neighbor cation.Al.
- i Mg. Fei as well as by contributions from ferrous ions in the Ml, M2,
and M3 sites.
The band at 1 /mi in anthophyllite is
considerably more intense (at least by a
factor of 4) than the analogous band in
gedrite. probably because the M4 site in
anthophyllite is more distorted and close
to 5 or 7 coordination (Finger, Year Book
68, p. 283).
The other spectral features in both
mineral- are explained as follows. The
minor bands 1 400-550 nm) are caused by
-pin -forbidden transitions in ferrous iron
(Mao and Bell, this Report). The slope
(400-600 mm in the gedrite spectra corresponds to its higher content of ferric
iron compared with anthophyllite (Seifert and Virgo, this Report). The band
seen at 1.4 pm is caused by hydroxyl

Crystal-Field Effects of Ferric Iron
in goethite and lepidocrocite : band
Assignment and Geochemical Applications at High Pressure
H. K. Mao and P. M. Bell

Iron in both its ferrous and ferric states
behaves differently physically and chemically at high pressure than would be
estimated from its properties at 1 atm,
and it is this behavior that governs the
suitability of iron as a prospective element in models of the earth. The present
study of the electronic properties of ferric
iron in goethite and lepidocrocite was
undertaken to characterize Fe3+ at high
pressure and to form the basis for predicting its behavior in the inaccessible
parts of the deep mantle of the earth. In
reference to other planets, ferric iron has
been postulated to be a major element of
the "oxidized" planets such as Mars
(Ringwood and Clark, 1971). It was
anticipated that the present data would
be useful in the interpretation of telescope spectra of the surface of Mars and
in the study of Martian samples if they
become available through the Viking
Mission of the U.S. Space Program scheduled for 1978.

Spectra
Crystals of goethite (aFeOOH) and
lepidocrocite (yFeOOH) were provided
from the collection at the U.S. National
Museum by Dr. B. Mason. Polarized
spectra were measured in polished, oriented plates at 1 bar and 20 kbar, employing diamond-windowed
a
pressure cell.
Figure 190 shows plots of the spectra at
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the two pressures. Two strong bands are
observed, and their pressure shifts are
consistent with the following assignments :
goethite (1 bar)
M, -» 4771 split into fi = 10,929,
y = 11,211 (cm"1)
M, -» 4T2 split into /? = 15,504,
1)
= e15,3
bar)(cm"
(1 37
lepidocryocit
Mi -» 47Ti split into £ = 10,142,
10,893 (cm"1)
Mi -»y=4T2 split into £ (doublet) =
15,300 and 13,699,

7= 14,948 (cm"1).
The justification for these assignments
will be given in the following discussion
of crystal-field effects of ferric iron.
The ft and y polarizations of lepidocrocite (Fig. 190A, B) show shifts in energy. A distortion is suggested in the ft
orientations. Other evidence of distortion
is the apparent splitting of the high-

16
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lO3 cm-1
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1

-11
1II J','

L epidocrocite,

energy band in lepidocrocite described
above. Goethite shows an increase in
intensity in the low-energy band in the y
orientations compared with p, but there
is little difference in energy between the
two orientations. At high pressure the
bands tend to converge, indicating that
the coordination site is approaching octahedral symmetry.
Polycrystalline mounts of goethite and
lepidocrocite were made at 1 bar. 50 kbar,
and 100 kbar to study the effects at high
field intensity. Figure 191 shows the nonpolarized spectra at these pressures. In
both goethite and lepidocrocite (Figs.
191 A, B) only one band is resolved,
equivalent to the high-energy band observed in the polarized spectra. This decrease in resolution is probably caused
by increased scattering of the polycrystalline surfaces and may be expected in
telescope spectra of planetary surfaces
where these minerals are observed. It
should be noted, however, that these

'

1

10

cm"

2.0

polycrystalline

Goethite, polycrystalline

1 '<

I bar

50 kbar

\\
\\

S 1.0

\\\ '
\\ <

-

\

■2 i .0

'■*■
10,917
cm"1 10,309

-

1

cm'1

i
9,775

-

cm"1

-

\\ v»\
X

A
i

600

\
N

X

\ \ l
1
800
1000
Wavelength , nm

,

1
200

600

1200
800
1000
Wavelength, nm

Fig. 191. Nonpolarized spectra of lepidocrocite and goethite at 1 bar, 50 kbar, and 100 kbar

~C

506

0 A R N E 0 1E

INSTITUTION

shown are spin-forbidden. At low energies there are two quartet states excited
from the sextet ground state. Both states
are of higher probability than the doublet state (-To) whose energy projects at
a high angle with increasing A0 (crystalfield intensity) , because the sextet-quartet transition involves a single, rather
than a twofold, change in spin alignment.
The present data for the two transitions can be used to calculate A0 and B
(Racah parameter; Racah, 1942, 1943).
Furthermore, it should be possible to calculate A0 and B as a function of pressure,
but in this instance, the slopes of the
transitions in the coordinates of energy
A() are nearly parallel and thus the calculation Bis not sufficiently sensitive to
pressure.
constant B, the followingvalues are Using
calculated:
Fig. 192. Energy-level diagram for d5.

spectra do not resemble that of akaganeite i/?FeOOH") identified in lunar
rocks (Taylor. Mao, and Bell, this Report i.
A pressure increase of 100 kbar causes
a marked shift in the energy of the band.
Based on the assignment of the band to
the transition sAi — » 4Tlj the plot is
equivalent to an energy-level diagram.
The energy of the transition decreases
with pressure until the energy is reduced
to zero, at which point the high-spin, lows] 'in transition occurs.
( 'rystal-Field Effects of Ferric Iron
Ferric iron is a transition metal ion of
'/" electronic configuration. A d-d crystal-field transition in ds is not allowed by
the selection rules that require maximum
spin multiplicity. A transition in d5 will
cause spin-pairing and is therefore to the
first-order crystal-field approximation
spin-forbidden in a weak field. Figure
192 show- an energy-level diagram for
the ds configuration in an octahedral (or
tetrahedral) crystal field. All transitions

goethitc
B = 627, A0lbar = 15,118 cm"1,
u2o kbar
'
lepidocrocite
A0.)nI1 = 15,343 cm-1
" cm"1, 7
B = 592, 'A0,l bar
, = 14,251
The
192
plot
with

"20 kbar

"

.

14,407 cm"1
= diagram
A0onl1
energy-level
given in Fig.
(B = 614) is an example of a general
of energy versus A0, and comparison
the above values shows qualitative

agreement.

High-Spin, Low-Spin Transition in Fe3+
Low-spin ferric iron has not yet been
experimentally observed at high pressure,
so its chemical and physical properties
are undetermined. The transition can be
predicted, however, from the present data
and from calculated values of volume
compressibility. The degree of compression is a function Aoof interatomic distance
and is therefore closely related to the
(1)
crystal-field intensity. In the pointcharge model the approximate relationships between crystal-field intensity (A0)
unit cell edge (a), and volume (V) are
(Drickamer and Frank, 1973) :
a

y-s/3
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These relationships can be used in the
Birch-Murnagham equation. The change
in A0 with pressure (D) is given by:
D=A0OP/3A0) =
- (3/5) V (BP/dV) = 3/5K,
where

(2)

P = pressure,
K = K0 + Ko'P,
K0' = 4,
K = —V(dP/dV) = bulk modulus.

PHYSICAL

The partial derivatives are
D0' = (3/5) AY,

(3)

and therefore

(5)

'E, in G^i -» 4Tr in goethFor the transition
ite and lepidocrocite, the following equation can be employed:
AE
= -A0(i[(l+^P)^o'_i].

PROPERTIES

Pressure Effect on Charge-Transfer
Processes in Minerals
P. M. Bell and H. K. Mao

D=D0 + Do'P,
(4)
and the pressure effect on the crystalfield intensity is given by
A0p = A0(1 (1 + ^)W.

in the lower mantle, but the following
possibilities exist. Low-spin iron occupies less volume than high-spin iron, and
the d5 state (Fe,v) is not necessarily restricted to oxidizing conditions at very
high pressure (Drickamer and Frank.
1973). Equilibrium of low-spin Fe3
within the core would require phase relations totally unpredictable from the
known properties of ferric iron at 1 atm.

(6)

From equation 3, D(}' = 2.4, and the rates
of change of A0 with pressures for the
transition are calculated from equation
6 as
Goethite D0 = 1.31 Mbar
Lepidocrocite D0 = 1.17 Mbar.
The pressures of the transition (defined
by E°A^ ^*Ti = 0) are calculated to be
P

L high -spin -> low -spin

goethite = 1.49 Mbar
lepidocrocite = 1.35 Mbar.
These pressures correspond to depths
in the earth of approximately 3000 km,
close to the mantle-core boundary (the
base of Birch's (1952) mantle layer "D") .
There are too few data for prediction of
the physical and chemical consequences
of the potential existence of low-spin Fe3+

Of the many possible electronic processes known in solids, the general process
of charge-transfer, where the absorption
of radiation causes an electronic transition between orbitals of neighboring
atoms, was suggested as a possible cause
of the observed pressure effects in olivine
and spinel (Mao and Bell, Year Book 71.
pp. 520-524) . Charge-transfer processes
are well known in covalent compounds
(Cotton and Wilkinson, 1962, p. 442) and
are typified by the chemical reduction of
metal ions. High pressure is known to
affect charge-transfer processes (Drickamer and Frank, 1973), but the distinct
nature of the process is not well characterized. The reasons for suggesting that
the observed effects in olivine and other
minerals at high pressure involve chargetransfer are: (1) The observed optical
effects are accompanied by an increase in
electrical conductivity. (2) The pressure
effect on olivine involves the shift of an
apparent absorption edge that is assigned
to a charge-transfer transition at 1 atm.
(3) Pressure alone is known to cause the
complete reduction of ferric iron in highly
covalent compounds, and therefore pressure may enhance the probability of a
charge-transfer transition by the absorption of radiation in less covalently bonded
compounds
such as olivine.
Pressure-induced absorption in the
100-300 kbar range has been observed in
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TABLE

61. List of Preliminary Observations of Pressure-Induced Absorption
in the Range 1 bar-300 kbar*
Substance
Relative Intensity of Induced Absorption

a. Olivine scries
Fom -Fay ioo
Fo>m

Strong:
intensity increases with increasing
iron content.
No observed effect.

b. Orthopyroxene
En-Fa

Strong:
intensity increases with increasing
iron content.

c. Clinopyroxene
Chrome diopside
Ferridiopside
Jadeite
Hedenbergite
d. Amphiboles
Actinolite
Ferrotremolite
Anthophyllite
Gedrite
e. Spinel
Chromite
Reduced chrome spinel
set- Mao and Bell, this Report)
Fr_Si04 spinel
f. Magnesiowiistite
g. Garnet
Almandite

h.

INSTITUTION

No observed effect.
Strong, f
Strong, f
Strong, f
No observed effect.
No observed effect.
Very strong.
No observed effect.
Strong.
Very strong: intensity increases with
increasing iron content.
Very weak.
Verv weak.

Spessartite
Andradite
Ti-andradite
Kimzeyite
FeOOH series

Akagaw'ite
Lepidocrocite
Goethite
i. Glass
Oxidized synthetic basaltic glass
without Ti (Bell and Mao, this
Reduced synthetic basaltic glass
Titanium (orange glass)
Reduced synthetic basaltic glass
titanium (green glass)
j. Miscellaneous
Biotite

}

Weak.
Moderate.
Moderate to strong.
Very strong.
Very strong.
Very strong.
with or
Report)
with

Strong.
Strong.

without

Epidote
I franinite
Carnotite
Malachite
Chrysocollfl
Humif acid

Weak.
Weak.
Weak.
Moderate.
Moderate.
Strong,
f
Strong, f
Strong.

•Detailed observations of vivianite and wulfenite are given in the text.
[Metal metal charge-transfer band at 700 nra.

olivine (Fo < 90) and spinel (Fe^SiO^and
in a series of magnesiowiistites (Mao and
Bell, Year Book 71, p. 520; Mao, Year

Book 72, p. 554). In the present investigation a variety of iron-bearing minerals
(Table 61) were studied at high pressure,
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and in most cases the optical absorption
was affected either by a rapid shift of the
apparent absorption edge or by other
absorption phenomena, described below.
These effects are exemplified in the two
minerals vivianite, Fe3(P04)2"8H20,
and wulfenite, PbMoO^ natural samples
of which were provided for the study by
Dr. R. Strens and by Wards, Inc., respectively, and the present discussion will be
limited to the results on these two minerals.
Charge-Transfer Spectra
In vivianite, the charge-transfer process involves the oxidation-reduction
mechanisms of the Fe2+-Fe3+ couple; in
wulfenite the oxidation-reduction mechanisms occur in an impurity couple. These
mechanisms and the associated absorption properties have been described by
Loh (1972) and by Robbins and Strens
(1972). Vivianite has a charge-transfer
band at approximately 700 nm. Wulfenite has a transition in the near ultraviolet
(<450 nm) that produces an apparent
absorption edge in the visible region at
wavelengths between 500 and 600 nm.
The two minerals, therefore, provide examples of absorption that can be observed with an incident-beam crystalfield spectrometer (range 225-3000 nm)
as a distinct band and as a shoulder.
These examples are used to interpret the
pressure effects on most silicate minerals,
where charge-transfer absorption can be
observed only as steep edges, the energy
of which is centered in the ultraviolet.
Vivianite and Wulfenite Spectra at
High Pressure
Figure 193 shows unpolarized absorption spectra of polycrystalline vivianite
at 1 bar and 300 kbar. The poorly resolved charge-transfer band at 700 nm
becomes extremely intense at high pressure. The wavelength of the bands does
not change appreciably but suffers only

V,
'//.

'v.-.

HO
70

60

50
-o 40

<
Fe Charge Transfer in
Vivianite [Fe3 (P04)2- 8H2o]

30

20
I bar

500

600
Wavelength,

700
nm

c7.

Fig. 193. Preliminary optical spectra of viv
ianite at 1 bar and 300 kbar.

minor shifts to lower energy, consistent
with calculations of the general shift
(Drickamer and Frank, 1973 ! . This result can be interpreted as a major increase in the probability of the chargetransfer transition in vivianite, with a
minor change in the energy between the
ground and excited states of the transition. On the basis of the increased absorption, the probability of the transition
has increased by a factor of approximately 100.
Figure 194 shows the spectra of wulfenite at 1 bar, and 100, 200. and 300 kbar.
In this case the main absorption band is
not observed, but its low-energy shoulder
is observed to sweep into the visible and
near infrared regions. This type of effect
is similar to that of olivine, spinel, and
magnesiowustite.
Conclusions
The present data support the suggestion that the increased absorption in minerals at pressures greater than 100 kbar
is due to an enhancement of charge-trans-
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Fig. 194. Preliminary optical spectra of wulfenite at 1 bar and 100, 200, and 300 kbar

fer (thermal) transitions. The transitions themselves are not well characterized, but the effects are strong enough to
be observed and to affect the properties
of iron-bearing silicate minerals in the
earth. The data obtained at high pressure in this study were measured in a
diamond-windowed pressure cell, in
which strong shear stress occurs in the
pressure range 100-300 kbar. The components of shear could influence the electronic charge-transfer process (Drickamer
and Frank, 1973) , but it is not possible at
present to resolve the effects, if any.
The pressure effects appear to be those
of increasing orbital overlap, which would
increase the probability of a transition.
If this contention is correct, the effects
reported here may be superseded at high
pressure by charge-transfer processes
caused solely by high pressure (Drickamer and Frank, 1973). The dual process
would be characterized by the increase
in charge-transfer absorption, followed
by a decrease in absorption at sufficiently
high pressure. The various effects of
.-'near, temperature, and charge-transfer
introduce
severe complications
in the

analysis of the observed effects, but
nevertheless the present results imply
that charge-transfer is an important
process in the earth.
A Discussion of the Iron Oxides at
High Pressure with Implications for
the Chemical and Thermal Evolution
of the Earth
H. K. Mao
The chemical composition of the earth's
mantle is thought to be essentially that
of ferromagnesian silicate (Clark and
Ringwood, 1964) ; however, recent experiments have demonstrated that ferromagnesian silicates break down to simple
oxides at the pressures and temperatures
predicted for the lower mantle (Mao and
Bell, Year Book 70, p. 176; Bassett and
Ming, 1972; Kumazawa et al., 1974;
Ming and Bassett, 1974). Among these
oxides, iron oxide may have played a
dominant role in the evolution of the
earth. Iron oxides were probably involved
in the formation of the metallic core, and
they control the optical, electrical, and
thermal properties of the mantle. In this
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study, the possibility of the existence of
various states of the iron oxides and their
implications for models of the evolution
of the earth are examined.
Phase Relations in the Fe-0 System
under the Conditions
Mantle of the Earth's
The present model is based on experimental data on the breakdown of iron
oxide at high pressures and temperatures.
Whereas FeO is a stable component in
silicates, it is not a stable simple oxide at
1 bar. Above 560°C, FeO reacts to form
nonstoichiometric wiistite (Fe^O) and
metallic iron, and below 560°C, magnetite (Fe804) and metallic iron (Darken
and Gurry, 1945) , demonstrating the coexistence ofmetallic, ferrous, and ferric
iron. To examine the possibility that the
coexistence of the three oxidation states
occurs under lower mantle conditions, the
effects of pressure and temperature on the
following equilibrium reactions were
evaluated:
FeO = Fe,rO+ (1 — x)¥e;

(1)

FeO = l/4(Fe804 + Fe);

(2)

FeO = l/3(Fe208 + Fe).

(3)

The effect of pressure can be determined
from the relation :
(4)

aG= f \vdP,
where AG and AV are the Gibbs free energy difference and the molar volume
difference of the reaction, respectively.
The effect of temperature can be estimated from the Clapeyron equation :
AS/AV = dP/dT,

(5)

where AS is the entropy difference of the
reaction. Using equations 4 and 5 it is
possible to determine the equilibrium
most likely to correspond to the conditions of the earth's mantle.

Nonstoichiometric Wus tite

511

There are two apparently contradictory reports of the stoichiometry of
wiistite at high pressure. Katsura, Iwasaki, and Kimura (1967) observed that
nonstoichiometric wiistite becomes more
iron-rich with increasing pressure and
forms the stoichiometric compound, FeO.
at 775°C and 35 kbar. In other studies,
Mao and Bell (Year Book 70, pp. 176178) and Bassett and Ming (1972) found
that the spinel phase of Fe2Si04 disproportionated to nonstoichiometric wiistite.
Fe.X>, with x = 0.91 to 0.95 instead of to
FeO at 250 kbar and 800°C. The apparent discrepancy can be reconciled when
the change of the volume difference of
reaction 1 with pressure is considered as
follows:
For reaction 1, when x -» 1,
AV= (l-^)(FFe-FPeinwu)3

(6)
dcNvi

where FFe is the molar volume of the
metallic iron. The partial molar volume
of Fe in wiistite, FFeinwu, is defined by
T/

V Fp in wu

_ dVwn
ut Wll
—

Qmn-

OtUa

wu

where awu is the lattice parameter of wiistite and m is a constant for converting the
unit-cell volume to the molar volume.
At 1 bar, using the values avra = 4.323 A
for FeO (Katsura, Iwasaki, and Kimura
1967) and (da^Jdx = 0.5826 A (Jette'
dx
and Foote, 1933), the quantity rFeinwu is
found to be 4.92 cm3/mole. This value is
significantly smaller than FFe = 7.093
em8/mole. Thus, AF is large and positive. According to equation 3, wiistite
should approach stoichiometry with increasing pressure, as Katsura and coworkers observed.
Nevertheless, nonstoichiometric wiistite, because of its structural vacancy, is
expected to be more compressible than
FeO. Therefore, the quantity FFeinwu is
expected to increase with pressure. On
the other hand, the quantity FFe is ex-
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pected to decrease with pressure by volume compression and by a-cFe transition
(130 kbar. 25°C). From equation 6, V
decreases with pressure and becomes negative at high pressures. Thus the reaction is reversed and stable wiistite again
becomes nonstoichiometric.
The relative stability of wiistite can be
calculated quantitatively. The isothermal bulk modulus of wiistite {Bo) is
1.42 Mbar with x — 0.924 (Mao et al.}
1969) and 1.54 Mbar with x = 0.947
(Clendenen and Drickamer, 1966). A
linear extrapolation of the two points
priV( S

difference is AT\ At the a-e transition
point in Fe, AT changes sign and pressure
destabilizes FeO. Based on Fig. 195 and
equation 4, the phase diagram for FeO is
constructed in Fig. 196. The results are in
agreement with the experimental observations mentioned above. Stoichiometric
FeO first becomes stable at pressures
above 50 kbar and then becomes unstable
and disproportionates to nonstoichiometric wiistite and metallic iron at pressures
above 250 kbar. This analysis demonstrates that at the pressures and temperatures of the lower mantle, the disproportionate of FeO should occur.
Fe203 and Fe3Oi

Bo(Mbar) = 5.22.r - 3.40
7)
for FeO = 1.82 Mbar and {dB0/dx) =
5.22 Mbar. Using a Murnaghan equation
with [dBa dP) = 4, the partial molar
molume of Fe in wiistite at high pressures
ran be expressed by:

rF..iIlwll= (i +2.2P)"0-25

1 N S T I T I1 T10N

8
[4.92+ 19.17/ (P'1 + 2.2)]
where P is the pressure in megabars. The
values of TV.- and Vpeinwu are plotted as a
function of pressure in Fig. 195, and the

As indicated by equation 4, the molar
volume term is dominant in the effect of
pressure on reactions 2 and 3. At 1 bar,
the volume of magnetite + a¥e or hematite + a Fe is larger than the volume of
FeO wiistite; therefore, pressure tends to
stabilize wiistite. At higher pressures,
several phase transitions occur. At 130
kbar and 25°C, aFe transforms to cFe.
Phase transitions in magnetite and hematite have been observed in shock-wave

300
Pressure, kb

Fitr. 195. The molar volume of iron and partial molar volume of iron in wiistite as a function of
ssun at 25 °C.
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Fig. 196. The stability of stoichiometric and nonstoichiometric wiistite.

studies at pressures below 600 kbar (McQueen, March, and Fritz, 1967). The
pressure-induced phase transition of
magnetite is also observed in a diamond
cell at 250 kbar and 25°C, and the x-ray
pattern of the high-pressure phase can be
indexed as being monoclinic (Mao et al.,
1974). All these transitions reduce the
volume on the right-hand side of reactions 2and 3, and A.V becomes negative.
As a result, pressure tends to disproportionate FeO into the high-pressure phase
of magnetite (/iFe304) -\- eFe or the highpressure phase of hematite (/iFe203) +
eFe. Calculated trajectories of the volume-pressure curves for the phases involved in reactions 2 and 3 are presented
in Fig. 197. The Murnaghan equation
and the bulk modulus and their pressure
derivatives of eFe (Mao, Bassett, and
Takahashi, 1967), FeO (equation 7 and
Mao et al., 1969), magnetite (Mao et al.,
1974) , hematite (Liebermann and
Schreiber, 1968), /iFe304 and /iFe203
(Ahrens, Anderson, and Ringwood, 1969)
were used in the calculations. Using the
volume-pressure trajectories in conjunc-

tion with available or estimated values
of entropy and free energy, a hypothetical P-T phase diagram of the binary
Fe-0 system was constructed in Fig. 198.
The diagram shows that the FeO phase
reacts to form Fe304 + Fe or Fe203 + Fe
under conditions of the lower mantle.
It should be noted that the phase diagrams of Figs. 196 and 198 are only approximations. The diagrams are sensitive
to the estimated values and to the extrapolations used in constructing them. As depicted in Fig. 197, the volume difference
among the various assemblages is less than
2% at 1000 kbar. Any further phase transition or spin transition in iron oxide at
higher pressures would change the volume
by approximately 10% and would therefore
affect AF significantly. Solid solutions of
iron with silicon or sulfur, FeO with periclase, /iFe203 with other sesquioxides, and
/iFe304with other phases of related structure affect the relative stabilities and
may yield a very different phase diagram.
Therefore, the main purpose of the two
phase diagrams (Figs. 196 and 198) is to
show that the assumption of the possible
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existence of iron oxide in the lower mantle as FelV Fe;;04. Fe,0 or other forms
more oxidized than FeO is in principle as
valid as those that assume the only oxide
to be FeO. In any model of the lower
mantle these oxides should be considered.
The notion oi iron oxides with Fe:0
less than 1 in the mantle does not conflict
with the concept that ferric iron may be
reduced to the ferrous state at high pressures (Drickamer and Frank. 1973). The
Drickamer effect is more an internal
process oi redistributing electrons than
an external process of changing oxygen
fugacity. For instance, the ferric iron in
Fr.O.s can be reduced to ferrous as
Fe-'-O4 3~3j the Fe:0 ratio remaining at
2:3. This reduction is also in keeping
with the concept that chemical bonding
b< comes more covalent at high pressures.
By analogy with sulfide, the highly covalent oxide may have more complicated
Fe:0 ratios.
Iron oxides with other stoichiometry,
such as FeoO (Strens, 1974) or nonstoi-

INSTITUT10

ohiometric Fe^O^ or Fe;>04, may be stable
at high pressures. If so, FeO would
break down further, thereby lending support to the present hypothesis.
Then)i a! and Electrical Conductivity
of the Earth's Lower Mantle
The effectiveness of radiative heat
transfer depends upon the transparency
of the media in the visible and nearinfrared region. If FeO disproportionates to Fe and Fei^O (which could be
Fe2Os, FeH04, or nonstoichiometric wiistite with its mixed oxidation states),
Fei..rO wrould absorb strongly by chargetransfer processes. An analogous observation isthat magnetite and nonstoichiometric wiistite are opaque, but stoichiometric FeO is transparent. As demonstrated byMao (Year Book 72, pp. 552564) and Mao and Bell (this Report)
charge-transfer absorption is greatly enhanced at the pressures and temperatures
of the lower mantle.

mgt— «-hFe304 transition

hmt — > hFe203 transition

3-(hFe203 + €-Fe
^(hFe304+€-Fe)
200

N

400
600
Pressure, kb

800

1000

Fig. 197. Volume of FeO and its disproportionating products at high pressure and 25°C.
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Fig. 198. Estimated phase diagram of Fe-O. Heavy curves are binary univariant. Light curves
are degenerated unary univariant. Dotted curves are metastable extensions. The a-7-eFe boundaries are from Bundy (1965). The magnetite (mgt) to high-pressure Fe304 (AFesOJ boundary is
estimated from the data between 25° and 300°C of Mao et al. (1974). Sluggishness of the reaction
is considered. The hematite (hmt) to high-pressure Fe^Os (hFe»0?,) boundary is arbitrarily set as
a vertical line at 300 kbar, because shock-wave data indicate only that the reaction is below 600
kbar and no temperature coefficient is available. The hmt-ZiFe-On transition was not observed 111
the diamond cell below 300 kbar.

Pressure may reduce trivalent iron to
the divalent state (Drickamer and Frank,
1973, p. 152), thus reducing the absorption, but it may also reduce iron from
divalent to monovalent and may increase
the covalency of the chemical bonding
and enhance metal-ligand charge transfer. The net effect of pressure should
therefore increase absorption. If the
spin-pairing occurs in Fe2+ in the lower
mantle, it changes the crystal-field spectra. However, the crystal-field effects are
minor in comparison with charge-transfer
effects, which can effectively block radiative heat transfer.

In addition to the increase in optical
absorption, the electrical conductivity
should increase (Mao and Bell. 1972).
Because the charge-transfer effect is
basically an extrinsic semiconducting
process rather than one resulting from
the close of the energy gap, it is unlikely
that the electrical conductivity will approach that of a metal. The pressureinduced increase of electrical conductivity of the lower mantle material will
probably level off and approach that of a
semiconductor, such as magnesiowiistite
(Mao, Year Book 72, p. 554) . For such a
semiconductor with low activation en-
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orgy, the electrical conductivity should
be less dependent on temperature and
more dependent on iron content and
structure.
High-pressure phases of Fe^O.^ Fe^Os,
and stishovite all have extremely high
bulk moduli. From the relation of bulk
modulus and lattice thermal conduction
• Mao. Year Book 72, p. 557), the lower
mantle should have very high lattice
thermal conductivity, which compensates
for the ineffectiveness of radiative heat
transfer.
Application to Models of the Chemical
Evolution of the Earth
In approaching the problem of models
oi the origin of the earth, it is desirable to
establish as many initial and boundary
conditions as possible and then to deduce
a model satisfying all these constraints
(Urey. 1952). One of the most severe
constraints employed in the past is the
postulated disequilibrium relation between the mantle and the core (Ringwood. 1959. 1966 k This constraint was
used to reject all previous models of the
formation of the earth that were based on
differentiation of an originally homogeneous silicate-metal mixture. In an attempt to satisfy this constraint, most subsequent models of the evolution of the
earth employ complicated processes such
as the inhomogeneous accretion model of
Clark. Turekian, and Grossman (1972)
or an "inside-out" configuration (Ringwood. 1966 ) . If the present notion of disproportionate ofFeO into an oxide and
metallic iron is adopted, it is significant
that the hypothesis of disequilibrium is
not a constraint.
On the basis of the present calculations, silicates in the deep interior of a
homogeneous body react to form simple
oxides, and the FeO component of the
oxides breaks down further to metallic
iron and an iron oxide. The process
simultaneously includes oxidation and
reduction reactions. A portion of the iron
in FeO is reduced to metallic iron as oxi-
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dation forms Fei_.,0. The oxidation
phase could be Fe^Os, Fe^O-i, or nonstoichiometric wlistite, depending on relative
stability.
In the process postulated here it is
assumed that the initial earth, regardless
of bulk composition, was heated by radioactive elements, and when the temperature profile intercepted the melting curve
of iron at the center of the earth, the dispersed metal began to melt and sink to
the core, leaving a more oxidized layer of
lower bulk density. The oxidized layer
could have moved through unmelted
mantle to shallower depths by gravitational instability and by convection. At
the same time the overlying undifferentiated silicate layer would sink, disproportionate, and differentiate, repeating
the process.
Further fractionation of the mantle
could occur at the same time, or later, to
concentrate certain nonvolatile elements
such as Ca, Al, U, Th, Ba, and REE in
the crust. Volatile elements, such as K
and S, that are depleted in the mantle
could either have entered the core
through metal-oxide partitioning (Murthy
and Hall, 1972) or have been depleted in
preterrestrial events.
After most of the metallic iron in the
mantle has been removed, the residual
metallic iron in the oxides ascending from
the lower mantle would be insufficient to
reduce all the ferric iron to ferrous iron in
silicates. Thus, the oxide layer has a low
Fe2+/Fe3+ ratio and appears to be relatively oxidized. If iron oxide from the
lower mantle has an average Fe:0 stoichiometry of 0.95:1, the Fe2+/Fe3+ ratio
will be as low as 6, which is approximately the ratio observed in basaltic
magma. The process differentiates metallic iron to the core and simultaneously
differentiates oxygen toward the surface.
Thus, an oxidized crust and upper mantle
and a reduced core could be developed by
an equilibrium reaction within an originally intimately mixed material.
The degassing products from the oxidized upper mantle should have high
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H20/H2 and C02/CO ratios (Holland,
1962) . The reaction is illustrated by the
schematic phase diagrams in Fig. 199.
Figure 199A shows the reaction at high
pressure where FeO is unstable relative
to Fe and Fei.,^0. Because no degassing
is expected in the lower mantle, the reaction with carbon is not shown. When
iron is removed by fractionation, the
original composition P shifts to Q. Figure 199B shows the low-pressure phase
diagram. As the composition Q rises to
the upper mantle, Fei^O reacts with carbon to form FeO or ferromagnesian silicates, projected as FeO, and a gas with
high C02/CO ratio (X) , although a low
CO2/CO ratio (7) is implied by the original composition P and by the assemblage
Fe and FeO. An analogous argument applies to the reduction by FL>.
The amount of Si existing in the earth's
core is an open question. The relatively
low density of the core was used as the
original argument for the predicted presence of Si, but a low density could also
result from significant amounts of S
(Murthy and Hall, 1972) and iron oxide.
Nevertheless, the existence of a reduced
metallic core with high silicon content
and an upper mantle with oxidized iron
does not imply disequilibrium.
In the present model, the melting and
separation of iron from oxides occur in
the lower mantle. The amount of Ni, Co,

Au, Pt, Ir, and Re in the oxides is thus
determined by the partitioning of these
siderophile elements between oxides and
metal at high pressures in the lower mantle. When the oxides rise to the upper
mantle and recombine to form silicate.-.
the same siderophile elements are preserved in silicates. The partition coefficient athigh pressure has to be known
before the content of these siderophile
elements in the mantle can be used as a
criterion for core-mantle relations. As
estimated by Brett (1971), the partition
coefficient of Ni between oxides and metal
at high pressures is much higher than
that between silicates and metal at low
pressures, and a high content of these elerium. ments in the mantle may imply equilibActually, even without the postulated
process, an oxidized crust and a metallic
core are not necessarily out of equilibrium. As an illustration, a hypothetical
planet made of a simplified metal-oxygen
system is shown in Fig. 200. The interior
pressure of the planet is caused by gravitation alone. The bulk composition and
temperature are assumed to be the same
for the three models, A, B, and C. Local
equilibrium within each body is assumed.
Figure 200A is a homogeneous planet.
With its pressure gradient and the different densities of the two phases, obviously
it is not in equilibrium. In Fig. 200B. two

0

B
Fig. 199. Schematic phase diagrams of a Fe-C-0 system.
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Fie. 200.
tiated.

Hypothetical planet: (A) homogeneous body, (B) differentiated, (C) highly differen-

phases have been differentiated according;
to their density. Model B is closer to
equilibrium than A but further from
equilibrium than C, which has been
further differentiated to produce an oxidized crust, even though the oxidized
crust is incompatible with the metallic
core if they are at the same pressure.
The reason C is closer to equilibrium
is that the crust and the core are at different pressures (the free energy in a
pressure gradient is defined by the integration of VdP] see Mao and Bell, Year
Book 70, p. 229 ; Bell and Mao, Year Book
71, p. 416 i . Changing from model C to B
includes the replacement of high-density
metal at high pressure with low-density
oxygen at low pressure; a large increase
in free energy is involved. Conversely,
changing from B to C involves a decrease
in free energy. This is basically the
"squeezing" effect suggested by MacDonald and Knopoff 1 1958) . If the equilibrium condition C was obtained by the
diffusion of oxygen, the rate would be
prohibitively slow iRingwood, 1961), but
with the di>proportionation of FeO and
subsequent differentiation as proposed
here, equilibrium conditions of an oxidized upper mantle and a reduced core
could easily be achieved.
In general, then, the only requirement
for this process is that a reaction involving more than one stoichiometry of the
Fe-0 system occur in the lower mantle.
Aside from the breakdown of FeO discussed previously, the process could also

be one of partial melting with selective
Fe-0 partitioning or could involve two
immiscible melts. Examples at low pressure might be the incongruent melting of
ferrosilite and the immiscible Fe-Fe^O
melts of FeO composition. Most partial
melts of silicates show some degree of
differentiation of Fe-O, and it is likely
that
process occurred in the earth's
lower this
mantle.
CRYSTAL

STRUCTURE

Refinement of the Crystal Structure
of a subcalcic dlopside
R. H. McCallister, L. W. Finger,
and Y. Ohashi

As an initial investigation of the crystal chemistry of discrete pyroxene nodules in kimberlite, the crystal structure of
a subcalcic diopside from the Thaba
Putsoa pipe, Lesotho, was refined. The
goal of this study was not only to provide
the details of the crystal structure for a
pyroxene that is compositionally distinct
from those previously refined but also to
determine the distribution coefficient for
Fe2+ and Mg between the Ml and M2
sites (Ka) . A determination of the value
for Kd provides a crude estimate of the
degree of order and consequently the
thermal history of the sample. Heating
experiments are currently being conducted to determine (1) the equilibrium
Ka's as a function of temperature and (2)
the kinetics of the ordering and disorder-
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ing reactions for the purpose of ascertaining the cooling history more precisely.
The diopside crystal used in this study
was part of a large discrete nodule (approximately 2X1X1 inches) collected
by Dr. P. H. Nixon. The bulk chemistry
of this material, 1600E4 (Nixon and
Boyd, 19736), has been reproduced in
Table 62 with the value for ferric iron
obtained from considerations of stoichiometry (Finger, Year Book 71, pp. 600603) and f)7Fe absorption spectra (Virgo,
personal communication).
A precession photograph of the hOl net
of the crystal indicated minor exsolution
of a pigeonite phase parallel to (001) of
the host. It was not possible to determine
precisely the compositions of the host and
exsolved phases from the cell parameters
or the percentage of the exsolved phase
because of solid solutions outside the pyroxene quadrilateral, primarily 12 mole
TABLE

% jadeite plus acmite. To estimate the
appropriate compositions the following
procedures were used: (1 ) the bulk composition was normalized to the components of the system wollastonite (Wo),
enstatite (En), and ferrosilite (Fs) ; (2)
the CaSiOa contents of both the host and
exsolved phases were estimated from
their respective ft angles (Turnock, Lindsley, and Grover, 1973) ; (3) the Fe27M^
for each phase was taken to be equal to
that of the normalized bulk composition.
Mass balance considerations for these
compositions indicated that there is approximately 10 mole % exsolved material. This fraction of pigeonite was then
subtracted from the total bulk analysis,
which, in turn, was normalized to 4 cations to arrive at the compositions of the
host (Table 62).
Intensity data were obtained by using
an automated Picker four-circle diffrac-

62. Chemical and Ciystallographic Data for 1600E4

Cations per 6MOxygen
Atoms
g

Bulk Material

Na
Al
Si
K
Ca
Ti
Cr
Mn

Fe'§
2+
NiFee3+
F
Cell dimensions ||

1.109
0.107
0.105*
1.975
0.000
0.522
0.009
0.008
0.004
0.138
0.022
0.000

a, A
b, A
c, A

P

Calculated densityA3 (g/cm3)
,
Size of crystal v(mm)
Linear absorption coefficient
(cm-1) for MoKa

Host:
Constrained
Chemistry
0.118f

Host:
Unconstrained
Chemistry

1.059
0.119
1.973

1.087
0.119
1.973

0.553

0.553

0.025
0.153

0.025
0.125

0.118+

9.699(5)
8.871(2)
5.251(3)
107.03(3)
431.9(3)

3.34
0.04 X 0.11 X 0.30
20.00

*Original analysis without Fe3+ correction given by Nixon and Boyd (19736).
fChemistry determined by subtraction of 10 mole % Cao.24oMgi.560Feo.2ooSi206 from bulk chemistry
JTotal amount of iron and magnesium allowed to vary.
§Fe' = 2Fe2+ + Mn + Ti + Cr.
11Cell parameters determined from four-circle diffractometer.
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TABLE 63. Atomic Coordinates, Equivalent Isotropic Temperature Factors,
and Site Occupancies for the Unconstrained Refinement of Peq
1600E4

Mg
Ml

x
0.0000

Mg

Al

M2

iv-

Fe '

Ca
Xa
e*
T F
0, Si
Al

0.0000

y

0.9059(2)

0.2808(2)

z

0.76(4)

Site Occupancy

1.58(4)

0.854
0.029
0.025
0.092

0.2500

0.2500

0.72(3)
0.2901(0

0,

0.1166(2)
0.3602(3)

0

0.3527(3)

0.0021(1)
0.0862(3)
0.2503(6)
0.0180(4)

tometer (Finger. Hadidiacos, and Ohashi,
Year Book 72, pp. 694-699) with MoKa
radiation. Observed intensities were corrected for absorption background and
the Lorentz and polarization effects. The
secondary extinction factor of Zachariasen 1 1968> was calculated during the
later stages of refinement.
Throughout all cycles of refinement the
least-squares program RFINE 2 was
used. The atomic scattering factors were
those of the neutral atoms given by
Cromer and Mann (1968), and the
anomalous scattering factors and mass
absorption coefficients were those of
Cromer and Liberman 1 1970).
The least-squares refinement was initiated with the atomic parameters of diopside i Finger and Ohashi, 1974). Reflections were weighted according to l/o-2,
where a is the estimated standard deviation of the structure factor, and they
were rejected from the refinement if the
intensity was less than 2 standard deviations of the observed intensity. In the
final cycle of the anisotropic refinement,
reflections with \F0 — Fe\ > 10 were also
rejected. A total of 695 reflections were
measured, and after convergence with
isotropic temperature factors the unweighted (iti and weighted (r) residuals
were 0.098 and 0.102, respectively. The
structure was further refined with aniso-

0.2395(2)

0.1436
0.3302(3)
0.0053(6)

0.94(5)
1.34(5)
1.39(5)

0.233
0.096
0.553
0.118
0.987
0.013

tropic temperature factors. After convergence, the residuals were R = 0.071
and r = 0.077 for all data, and R =
0.063 and r = 0.061 for the 631 reflections
included in the refinement. In the first
cycle of refinement only the scale factor
was varied; in all other cycles, however,
the scale factor, atomic coordinates, temperature factors, and occupancies were
refined with the bulk chemistry constrained to the composition listed in
Table 62. During the refinement, all
octahedral Al was assumed to be in Ml
and all Na and Ca were assigned to M2.
In addition to the constrained refinement described above, a refinement was
performed in which no constraint was
placed on the iron-to-magnesium ratio.
This procedure had the effect of slightly
increasing the total magnesium. Because
the shift was of equal magnitude and sign
in both the Ml and M2 sites, the ratio
of Fe2+/Mg in both sites remained essentially constant. The final positional parameters, temperature factors, and occupancies are given in Table 63 for the
unconstrained refinement.
From the refined structure of 1600E4,
an intracrystalline cation distribution coefficient defined by the relation Kd =
(Fe2+/Mg)Mi/(Fe2VMg)M2 was found to
have a value of 0.10 in the constrained
refinement and 0.08 in the unconstrained
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refinement after the ferric iron contribution
was subtracted from the total iron in Ml .
The calculated Kd for complete disorder
for the constrained chemistry has a value
of 0.31 ; whereas in the unconstrained
chemistry the value is 0.32. Both values,
when compared with those obtained from
the refinements at room temperature,
suggest that 1600E4 has achieved a comparatively high degree of order.
Because there has not been a comprehensive study of the temperature dependence and kinetic approach to equilibrium
in Ca-rich clinopyroxenes, it is not possible at this time to supply any details of
their cooling histories. To provide a basis
for comparison, however, the range of
KaS derived from refinements of the crystal structures of augites varies from 0.15
to 0.24. Takeda (19726) obtained a
value of 0.15 for an augite rim on a
phenocryst in lunar basalt 12052, which
it is suggested (Bence, Papike, and Lindsley, 1971) has been quenched from high
temperature. Also, Takeda (1972a) de-

TABLE

termined Kd = 0.16 for an Al-rich augite
phenocryst in an alkali olivine basalt
from Takasima, North Kyushu, Japan.
The value of Kd = 0.24 was obtained by
Clark, Appleman, and Papike (1969) for
an augite from Kakanui River, New
Zealand. This clinopyroxene occurs as
xenocrysts along with garnet and hornblende as well as associated nodule- of
eclogite, dunite, and basalt in a volcanic
breccia. According to Hafner and Virgo
(1970) the high degree of disorder infers
a very rapid quench from high temperature. All these examples suggest that
1600E4 by comparison is relatively
highly ordered and consequently has
equilibrated to considerably lower temperatures. Confirmation of this suggestion awaits further refinement of samples annealed at different temperatures
for various lengths of time.
To provide the details of the refinement of the crystal structure, the magnitudes and orientations of the principal
axes of the thermal vibration ellipsoids as

64. Magnitudes and Orientations of Principal Axes of Thermal Vibration Ellipsoid;
for Unconstrained Refinement of 1600E4
Rms displace ment

Ml
M2

Si
01

02
03

A
0.096(5)
0.096(5)
0.102(4)
0.092(4)
0.136(3)
0.181(3)
0.074(3)
0.096(3)
0.113(2)
0.093(7)
0.114(6)
0.118(6)
0.077(8)
0.121(6)
0.175(5)
0.098(6)
0.104(7)
0.180(5)

Angle (degrees) with
26(40)
90
116(40)
63(3)
+a
27(3)
85(6)
90
8(6)
83(5)
31(10)
106(54)
115(62)
67(6)
35(6)
66(4)
14(17)
96(59)
103(3)

180
90
90+b
10(4)
90
94(6)
900
100(3)
118(10)
141(37)
26(5)
115(185)
105(7)
110(3)
103(42)
132(10)
135(3)

''Orientations of axes are indeterminate because the ellipsoid is essentially uniaxial.

91(40)
44(3)
909(40)
134(3)

+c

82(4)
114(5)
26(5)
90
92(10)
88(5)
137(4)
47(4)
117(196)*
27(127)*
102(44)
45(3)
133(10)
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65. [nteratomic Distances Determined in Unconstrained Refinement of 1600E4
Ml Site

1

Ml-OlAl
-01 H2
-OlA2

2
3
5
6

2.126(3)

I

2.046(3)

2
3

2.022(3)

4
5

2.063

6
7

-01B1
-02B

4

-02B
Mean

INSTITUTION

2-01 A
M -OlH
-02A
-02B

M2 Site

2.285(3)
2.234(3)

-03 A 1
-03B2
-03A2
-03B1

8 Mean

2.805(3)
2.591(4)

2.479

Si Site
1 Si-01
1.610(3)
2
-02
1.593(3)
3
-03(1)
1.658(3)
4
-03(2)
1.665(3)
Mean of nonbridging oxygens
1.602
Mean of bridging oxygens
1.661
Mean of four
1.632
Chain angle 03-03-03
166.2(3)

well as interatomic distances have been
included in Tables 64 and 65. These data
for a pyroxene with an estimated content of approximately 27 mole % Wo
compare favorably in their general trends
with those of Y. Ohashi, C. W. Burnham,
and L. W. Finger (in preparation) for
F875W025. For both compositions there is
abnormally large anisotropy of the
thermal vibration ellipsoids for M2, 02,
and 03. This has been attributed to positional disorder due to multiple occupancy
of the M2 site. The mean Ml-O, M2-0,
and Si-0 bond lengths for 1600E4 are
2.063. 2.479. and 1.632 A, respectively.
The mean M2-0 bond length is approximately 0.8% Less than that of Fs7r,Wo2.-;
this difference is probably attributable to
the addition of magnesium to M2
(Smyth, 197.3). The observation that
Ml-0 is approximately 0.7% less than
that for pure diopside (Clark, Appleman,
and Papike, 1969) can be explained by
the presence of 9.2% aluminum in Ml.

The Effects of Cation Substitution
on the Symmetry and the Tetrahedral
Chain Configuration in Pyroxenes
Y. Ohashi and L. W. Finger

Most minerals are variable in composition, and one chemical element can substitute for another without changing the
fundamental structure; however, the difference in ionic size inevitably requires
readjustments of the atomic positions,
which occasionally cause a change in
symmetry. Even if the symmetry does
not change, the chemical substitution
will cause differences in the free energy
that will affect the stability of a particular composition. As the first step in an
attempt to relate the information obtained from structural refinements to the
thermodynamics of chemical substitution
in minerals, the small structural changes
associated with substitution must be
analyzed in terms of the appropriate
variables.
In this study the available
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data on the crystal structure of pyroxenes
are examined to quantify the relationships between the octahedral cation
chemistry and the tetrahedral chain configuration as well as symmetry.
The importance of the tetrahedral
chain kinking was discussed by Thompson (19706) in his study of the idealized
stacking topologies in chain silicates.
Papike et al. (1973) analyzed real pyroxene structures and found that the
tetrahedral chain configuration is correlated with the ionic size of octahedral cations. For clinopyroxenes on the join
hedenbergite-ferrosilite the effect of the
Ca-Fe substitution on the structure is
discussed in detail by Y. Ohashi, C. W.
Burnham, and L. W. Finger (in preparation).
The effects of cation substitution on
the symmetry or tetrahedral chain configuration can be generalized as the study
of a functional relationship of
Symmetry or
tetrahedral chain
=/(Ml,M2, T,P, .

..)

In this study only the Ml and M2 atoms

:hain

Chain
angle

Fig. 201. Definition of the tetrahedral chain
angle, 03-03'-03", and the out-of-plane tilting in
pyroxenes.

are considered as independent parameters. The effects of temperature and
pressure are not included. The temperature effect was analyzed by Cameron
et al. (1973) for several clinopyroxenes
and by Smyth (1973) for orthopyroxene.
Two useful parameters for describing
the tetrahedral chain configuration are
(1) chain rotation angle (Thompson,
19706; Papike et al., 1973) and (2) outof-plane tilting (Cameron et al., 1973).
These angles are shown in Fig. 201. The
geometrical interpretation becomes simpler if there is a c-glide plane in the
structure. Because the bridging oxygen
atoms, 03, are related by the c glide
normal to the b axis, the (100) plane contains both 03 atoms. The 02 atom,
however, is in general slightly off the
plane. To bring 02 into the plane, it is
necessary to rotate the basal face about
03-03'. Because the tetrahedral chain
angle is determined by a rotation of 0303' in (100), a combination of the chain
angle and the out-of-plane tilting can
describe the three-dimensional configuration of the tetrahedral chain.
There are several choices of quantities
to represent the size of the Ml and M2
cations. The ionic radius is of limited
use for intermediate compositions because the cation sites are statistically occupied by more than one atomic species.
The volume of the observed polyhedron,
determined by the oxygen atoms coordinating the cation, can be a measure of
the size ; however, the polyhedral volume
is sensitive to the location of the farthest
coordinating oxygen atom, which should
not represent the size of the cation. In
this study the average interatomic distances of Ml-O's are taken as the independent parameters. So that comparison
with other space groups will be possible,
the average of the shortest six (rather
than eight) M2-0 distances is used for
the C2/c pyroxenes.
The Ml-0 and M2-0 plot shown in
Fig. 202 demonstrates the dependence of
pyroxene space groups on the size of the
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fcent but is extended to smaller M2. Although the results of only two structural
studies are available, the 02 pyroxenes
seem to be restricted to the smallest Ml
and M2. When M2 is large, the C2/c
clinopyroxenes are stable.

Ml and M2 cations. Orthopyroxenes
that have a polymorphic relation with
clinopyroxenes can contain only a small
amount of Ca. As a result, the region for
the Pbca orthopyroxenes overlaps that
for the P2j c clinopyroxenes to some ex-

175

170

2.5

OAi

2.4

vO

• C2/c
- C2

c

? 23

P21/c
•• C2/c(AI)
+ Pbca

180
171

2.2

(A)

(A)

23

.

2.1**

2.0

2.2

Mean of M1-0

B
B-chain

A-chain

194%

0

194 196

167 +169
145
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^+ +169
<*+ +144
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+144

150*
o
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B-chain
+140

•151 156

164
186
189o
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}A2
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+161+ 164

+141

+143

I g 202. Variation of the average Ml-0 and M2-0 distances in various pyroxenes. Numbers are
the tetrahedral chain angles in degrees (for Pbca and Pi/c, see B). Source of data: Berking and
r _ Izinski (1973); Brown et al. (1972); Brown and Wechsler (1973); Burnham (Year Book 65,
pp. 285-290) : Burnham et al. (1971) ; Cameron et al. (1973) ; Christensen and Hazel (1967) ; Clark,
Appleman, and Papike (1969) ; Clark, Ross, and Appleman (1971); Dowty and Clark (1973a);
Freed and Peacor (1967); Ghose (1965); Chose and Wan (1973); Morimoto and Koto (1969);
shi and Finger (this Report); Ohashi, Burnham, and Finger (in preparation); Okamura,
Ghose, and Ohashi (1971); Peacor (1967); Smyth (1973); Smyth and Burnham (1972); and Takeda (1972a, b).
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Alj-0 distance (T) is included in the
regression analysis for all pyroxenes with
(12/ c symmetry, the result is
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\ \ ••
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o
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i<

O rotation

«--*• S rotation

160
180°
Chain angle

Fig. 203. Correlation between the tetrahedral
chain angle and the out-of -plane tilting in various pyroxenes. Source of data is the same as for
Fig. 202.

Figure 202A shows the trend of the
tetrahedral chain angle for pyroxenes
with C2/c symmetry. The multiple linear
regression method has been used to analyze the data for the C2/c pyroxenes with
small amounts of Al in the tetrahedral
site. The equation obtained is
AQ..7) = 36.3 — 82(8)M1 + 125(19)M2
where A is the tetrahedral chain angle in
degrees and Ml and M2 are the mean
M-0 distances in A. The numbers in
parentheses are the standard errors for
the coefficients and the estimated angle.
The different signs of the coefficients for
the terms involving Ml and M2 indicate
that these distances have the opposite
effect on the chain angle; as Ml decreases
or M2 increases, the chain angle increases. The lines of constant chain
angles computed from the above regression equation are also shown in Fig. 202.
Some C2/c pyroxenes with an appreciable amount of Al in the tetrahedral site
deviate from those lines because the increase in the tetrahedral size also affects
the chain angle. When the mean T(Si,

A (1.7) =334— 190 (30) T —
66(7)M1 + 118(19)512.
For pyroxenes of other space groups there
are not enough data points to construct
similar surfaces, although there are variations in the chain angle with the size of
the Ml and M2 cations.
The out-of-plane tilting is highly correlated with the chain angle, especially in
the "O-rotated" chains (Fig. 203). The
more kinked the chain, the greater the
out-of-plane tilting. This high correlation is attributed to the relatively small
°
200change
in the distance between the apical
oxygen atoms in the two bridged tetrahedra (Ohashi, Burnham, and Finger, in
preparation) .
A Lunar Pigeonite: Crystal Structure
of Primitive-Cell Domains
Y. Ohashi and L. W. Finger

At high temperatures, the space group
of pigeonite is C2/c. As the temperature
is lowered, a transition to P21/c occurs
(Smyth and Burnham, 1972; Brown
et a/., 1972). This change in symmetry is
recognized by the appearance of b reflections {h + k = odd) that are diffuse,
indicating the presence of antiphase domains (Morimoto and Tokonami, 1969).
The major unresolved problems in the
crystal chemistry of pigeonites concern
the role of calcium in the structure, its
relationship to the domain boundaries,
and the correlation between the domain
configuration and the thermal history of
the sample. The study of these problems
requires careful measurement of the intensities of the b reflections; however.
their weak and diffuse character makes
this difficult. In the present study, special
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66. Ketmement Data for Lunar Pigeonite 15476
All Data
0.482(1)J

Scale factorf
H: All data (%)
Observed only §

4.7
5.9
4.3
4.2
1SS6

B(wt): All data
Observed only §
No. of reflections
Observed onlv§

b 0.422(4)
Data/
6.3
4.2
3.4
3.3
943

1532

711

*h — k = odd reflections.
\A seale factor A-. f obs = A- Fcalc|.
t\ value in parentheses is 1 standard deviation.
^Intensities greater than 2 standard deviations.

data collection techniques have been used
to measure carefully these intensities.
The refinement, which yields the structure of the primitive cell, is a first step
toward more complete understanding of
pigeonites and the rocks in which they
occur.

Crystals of a lunar pigeonite, Ca0.o6
Mgo.(58Fe0.2c.Si03 (a representative value
of electron microprobe analyses by Dr. I.
Kushiro) , were handpicked from the cores
of large pigeonite phenocrysts in rock
15476. The crystallization trend of this
pigeonite

was

discussed

by

Kushiro

Mg

TABLE
Mg

Ml
Fe
x

0.2821(1)
0.53(1)

x
y

zB(eqJ

0.8667(2)
0.3385(3)
0.1732(4)
0.63(3)

0.8675(21)
0.3383(26)
0.1757(25)
0.46(10)

x

0.1216(3)

0.1218(21)

x
y

02,1

y

zB(eq)
03,1

0.85(8)

zB(eq)

y

OL-1

0.930(3)
0.070
0.2505(1)
0.6544(1)
0.2266(2)
0.36(2)

0.15
0.2502(1)
0.6560(16)
0.2258(24)
0.42(11)
0.0434(6)
0.3409(7)
0.2853(7)
0.31(3)

zB eqj
SL4

67. Atomic Coordinates, Equivalent Isotropic Temperature Factors,
and Site Occupancies for Lunar Pigeonite 15476
All Data
b Data
All Data
b Data

x
y

z
B(ea)

0.0430(1)

0.3408(1)

0.5006(3)
0.3277 (5)
0.76(3)
0.1055(3)
0.2676^3)
0.5911(5)
1.27(4)

0.5022(20)
0.3283(20)
0.70(10)

M2
Ca
Fe
Xfl(eq)
y
z
XB(

Sifl
Olfl

027*

XB(eq)

y
z
X

B(eq)
y
z

0.6310(3;
0.9865(3;
0.3781(5;
1.02(4)
0.6050(3;

0.1054(3)

0.2692(3)
0.5049(6)
0.73(6)

y
z

eq)

0.12
0.430
0.450
0.2560(1
)
0.0184(1 )
0.81(1)
0.2257(1
)
0.5505(L
0.8374(1 ;)
0.2351(2; )
0.49(1)
I
0.3736(2]
0.8370(3;
0.1303(4;
0.70(3)

035

X

B(eq)
y
z

0.7052(3;
0.4718(5]
1.06(4)

0.60
0.40
0.2569(4)
0.46(7)
0.0185(6)
0.2219(16)
0.5514(5)
0.33(3)
0.8372(7)
0.2347(7)
0.3748(21)
0.8364(26)
0.49(9)
0.1288(26)
0.6320(21)
0.9865(10)
0.3834(21)
0.85(12)
0.6051(3)
0.7033(3)
0.4688(5)
0.70(6)
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(Year Book 72, pp. 647-650) and by
Virgo (Year Book 72, pp. 650-656) . Unit
cell constants obtained from back-reflection Weissenberg data are a = 9.683(8)
A, b = 8.900(7), c = 5.228(4), and /3 =
108.50(2)°, where the number in parentheses represents the estimated standard
deviation of the last digit cited. Space
group P2t/c was confirmed, and the 6
reflections were apparently more diffuse
than the a reflections (h -\~ k = even).
No exsolution of augite was detected on
the precession photographs; therefore,
uncertainty about the chemistry due to
augite exsolution is eliminated. Thus, the
composition Wor,En,;SFs26 has been used
in subsequent calculations. Intensity data
were collected for all reflections with sin
0/X < 0.8 in one quadrant of reciprocal
space using a computer-controlled, Picker
four-circle diffractometer with Nb-filtered MoKa radiation.
In the preliminary description of the
computer-automated, single-crystal x-ray
diffractometer, Finger, Hadidiacos, and
Ohashi (Year Book 72, pp. 694-699) described equations for the background and
peak-counting times required to measure
diffraction intensities with constant precision. The use of these times vields a
TABLE

SL4-01.4
-02A
-03A
-03A

given ratio between an intensity and the
associated standard deviation. Longer
counting times are required for the reflections that have weak intensities ; the total
time required for data collection is not
unduly lengthened, however, because the
strong reflections are scanned very
quickly. When this procedure for constant-precision data collection was used
for pigeonite, the number of 6 reflections
with intensities more than twice the associated standard deviation was 71 1 our of
a total of 943 reflections measured. With
this relatively large number of observed
b reflections, anisotropic temperature factors could be refined for all atoms in the
primitive-cell domain structure. Leastsquares refinements of crystal structures
have been carried out separately for data
set 1 (all reflections) and data set 2 (b
reflections) using program RFINE 2. In
the refinement of data set 1, all Ca atoms
are assigned to the M2 site. In the refinement of the b data, it is further assumed
that there is no Ca in the primitive-cell
domains. Because independent refinement of the Ml and M2 occupancies had
diverged, the total Mg and Fe in the
primitive-cell domain were constrained to
be the same ratio as in the whole crystal.

68. Interatomic Distances (A) and Tetrahedral Chain Angles (degrees)
for Lunar Pigeonite 15476
All
Data
b Data
All Data
b Data
1.624(3)
-02B
1.622(19)
1.619(3)
1.615(19)
1.599(3)
1.610(20)
-035
SiB-OlB
1.669(6)
1.595(3)
1.606(19)
1.667(3)
-035
1.641(5)
1.637(3)
1.670(4)
1.667(3)
1.665(5)
1.667(3)

1.607
Mean, nb
1.652
Mean, br
Mean of 4
1.630
193.6(2)
03,4 -03,4 -03A
3.8
Out-of-plane tilting
2.151(3)
Ml-01,4
-OlA
2.039(3)
-015
2.167(3)
2.070(3)
-015
-02A
2.032(3)
2.061(3)
-025
2.087
Mean

1.611
1.653
1.632
194.9(3)
3.8
2.137(23)
2.047(18)
2.162(22)
2.070(20)
2.033(10)
2.078(21)
2.088

Mean, nb
1.612
1.667
Mean, br
146.0(2)
Mean of 4
1.640
03A-03A-03A
2.156(3)
Out-of-plane
tilting
-02,4
2.082(3)
6.1
M2-Ol,4
-03.4
2.365(3)
-015
2.125(3)
-025
2.013(3)
-035
2.554(3)
2.216

1.616
1.670
144.7(2)
1.643
6.3
2.172(20)
2.067(13)
2.355(6)
2.126(21)
2.002(13)
2.516(7)
2.206
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The refinement data are summarized in
Table 66. and the final atomic parameters
are given in Table 07.
The most significant differences between the results of the two refinements
are the scale factors (Table titi) and the
temperature factors i Table 67). If x-rays
are diffracted coherently by the primitive-cell domains and the ("-centered regions, the volume ratio of the primitivecell domains to the whole crystal is given
by the ratio of scale factors, k (b) 'fc(all).
On the other hand, for incoherent diffractions such as those caused by large-scale
twinned crystals, the ratio would be
[fc(6) fc(all)]2. Because there is no indication of incoherent scattering from
two regions that should have slightly
different unit cell size, the ratio of scale
factors. 0.88 ± 0.01. is considered to represent the volume ratio of the primitivecell domain to the whole crystal.
There is. however, a possibility that the
intensities of the b reflections are systematically smaller than those of the a reflections because some of the intensity of the
b reflections may be lost owing to peak
broadening. This possibility has been
checked by refining all the data with separate scale factors. k(a, all) and k(b, all) ,
for the a and b reflections, respectively.
The difference in the scale factors is relatively small. Am a. all) = 0.485 and k{b,
all i = 0.478. and the ratio k(b)/k(b, all)
differs by only \°/c from fc(b)/fc(all).
By the lever rule the volume ratio
yields a composition Wo48En38Fsi4 (mole
% I for the C-centered region, which is
i ssentially on the join diopside-hedenbergite. Because the partitioning of Mg
and Fe into the primitive and the Ccentered regions may differ, the above
estimation of chemistry is subject to
some errors. In a similar study, Clark,
Ross, and Appleman (1971) obtained a
value of 0.85 for the volume ratio of the
primitive-cell region in their study of the
lunar pigeonite from rock 10003.
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Interatomic distances given in Table
G8 show a small difference between the
two refinements except that the average
M2.-0 distance is slightly smaller in the b
data than in the all-data refinement. This
result is at least consistent with the initial
assumption that the Ca atom enters M2
in the T-centered regions but not in the
primitive-cell domains. The tetrahedral
chains are more kinked in the primitivecell domains than in the structure obtained from the all-data refinement. Note
that with respect to the fully stretched
chain with angle = 180° the "O-rotated"
A chain is kinked to the opposite side of
the "S-rotated" B chain (Thompson,
19706; Papike et al, 1973). The tendency for the tetrahedral chain to be more
kinked in Ca-free clinopyroxenes than in
Ca-bearing pigeonites was also found in
a study of the Ca-Fe pyroxenes by Y.

0.5

1

(Fe + Mg)/(Fe + Mg<:a+Na)
M 2 occupancy
Fig. 204. Variation of the apparent rms amplitude of thermal vibrations for M2 with its
occupancy. The open circles indicate pigeonite
and the solid circles, augite. The crosses are
from the present study. Source of data: Brown
et al. (1972) ; Burnham (Year Book 65, pp. 285290) ; Cameron et al. (1973) ; Clark, Appleman,
and Papike (1969) ; Clark, Ross, and Appleman
(1971); Morimoto and Giiven (1970); Ohashi,
Burnham, and Finger (in preparation) ; and
Takeda (1972a, b).

GEOPHYSICAL

Ohashi, C. W. Burnham, and L. W. Finger (in preparation).
The most noticeable differences between the two refinements are in the temperature factors. Except for Ml, which
does not differ relative to the standard
deviations, the 6-data refinement gives
systematically smaller equivalent isotropic temperature factors, indicating less
positional disorder in the primitive-cell
domains. Figure 204 shows the relation
between the M2 occupancy and the apparent root-mean-square (rms) displacement, (u), computed for various pyroxenes from the equivalent isotropic temperature factors, B, with (u) = (B/&tt2)v-.
When M2 is totally occupied by either
large Ca (and Na) or small Fe and Mg
atoms, the rms displacement is approximately 0.08 A (corresponding to B =
0.5 A2), a value that probably represents
the intrinsic thermal vibrations. If M2
is statistically occupied by large and
small atoms, the equilibrium positions
may be slightly different for those atoms.

ALL DATA
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As a result, an apparent rms displacement increases for intermediate compositions.
The rms displacement of M2 from the
6-data refinement is essentially the same
as that of clinoferrosilite (Burnham,
Year Book 65, pp. 285-290), suggesting
again that the M2 site in the primitivecell domains contains essentially no Ca.
On the other hand, the refinement of all
data yielded a corresponding value close
to that given by the regression line shown
in Fig. 204. Thermal vibration ellipsoids
are compared in Fig. 205 and Table 69.
The study by Clark, Ross, and Appleman (1971) and the present study both
indicate that the structure obtained from
the refinement of the b data is essentially
that of Ca-free clinopyroxene with
smaller atomic positional disorder than
that from the refinement with all the
data. This result is consistent with the
model that the Ca atoms are in the region
with C-centered symmetry. The present
study, however, cannot resolve the prob-

B

DATA

Fig. 205. Comparison of thermal vibration ellipsoids obtained from (A) the all-data refinement
and (B) the b-data refinement. The ellipsoids shown are 70% probability surfaces (1.92 times the
root-mean-square displacement). Drawing produced by ORTEP (Johnson. 1965).
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lem of whether the Ca atoms concentrate
in the boundary regions or form small
"islands" in the structure.
Symmetry Reduction and Twinning
Relationships in Clino- and
Orthopyroxenes
Y. Ohashi and L. W . Finger

The symmetry of a crystal has thermodynamic importance for quantities involving both the configurational entropy,
which depends upon the number of equivalent points in the unit cell, and the vibrational entropy, which is determined
by the allowable normal modes of vibration at a given site. In pyroxenes, for
example, the Al/Si ordering scheme in
the tetrahedral sites for Al-rich pyroxenes (Okamura, Ghose, and Ohashi,
1974) will determine the symmetry.
Similarly, it is possible to characterize
the high-low phase transition from P2i/c
to C2/c in pigeonites (Smyth and Burnham, 1972; G. E. Brown et al, 1972) as
the appearance of two-fold axes at the
metal sites. In view of the discoveries of
pyroxenes belonging to space groups other
than C2/c or Pbca, such as those found
by Smyth (1974) , this study has used the
techniques of group theory to derive all
possible space groups for pyroxenes. In
addition, the twinning relationships between orthorhombic and monoclinic space
groups have been analyzed.
Smyth (1974)' found a lunar orthopyroxene that shows reflections with k =
odd in class Okl. Because these reflections
indicate an absence of the 6-glide plane
normal to the a axis, he determined the
space group of this orthopyroxene to be
P2ica. Among the clinopyroxenes, pigeonites crystallize in P2\/c (e.g., Morimoto,
1956) . Three space groups have been reported for omphacites: C2/c (Warner,
1964), P2 (Clark and Papike, 1966, 1968;
Clark, Appleman, and Papike, 1969) , and
P2/n (Matsumoto and Banno, 1970,
1971). The space group of spodumene

531
and LiFe-"'4Si20<; is; found to be C2 (Clark,
Appleman, and Papike, 1969; . One of
the clinopyroxenes
of Ca-Tschermak's
molecule, CaAlAlSiOo, has the space
group C2/c when the Al and Si atoms
are completely disordered in the tetrahedral sites (Okamura, Ghose, and
Ohashi, 1974) . In addition, some crystals
of CaAlAlSiOo show C2 symmetry (Okamura, personal communication), probably due to the Al-Si ordering in the
tetrahedral sites. Lindemann (1961).
cited by Matsumoto and Banno (1970),
reported enstatite with space group
P2i/n.
In the space groups C2/c (clinopyroxenes) and Pbca (orthopyroxenes), there
are eight crystallographic symmetry elements (Table 70). It is not possible to
add new crystallographic symmetry elements to those space groups and retain
the fundamental structure of the pyroxenes (e.g., Ibca is a supergroup of Pbca
but is not consistent with the pyroxene
structure) . The possibility of the addition of noncrystallographic hypersymmetry was discussed by Ohashi and Finger (Year Book 72, pp. 544-547). It is.
however, possible to reduce symmetry by
subtracting some symmetry elements
from the original group. For example.
P2i/c (pigeonite space group) can be derived from C2/c (augite space group) by
subtracting four symmetry elements from
the original eight elements; consequently
the eight tetrahedral sites in one unit cell
that are all crystallographically equivalent in C2/c split into two sets of crystallographically distinct sites, four each, in

P2Jc.

Any subgroup of C2/c or Pbca can be
a space group of pyroxenes (Matsumoto
and Banno, 1970). The rank (number of
symmetry elements) of the subgroup is a
factor of the rank of the original group,
thus 8, 4, 2, and 1 for the case considered.
Derivation of subgroups is relatively
simple for C2/c and Pbca because all
symmetry elements in those space groups
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70. Multiplication Tables and Symmetry
C2 c Elements for Space
/; Groups 02/ c and Pbca

TABLE

2

is

/

2
/

•c

h
n
c

c
h

I

2,

c
n
/

t'2

2
2

/

symmetric)

r

n
c
2
/

C

/

n
I

/. identity operation; 2. 2-fold rotation axis; 2i, 2-fold screw axis; ii} inversion center on c-glide
plane; i:. inversion center on /(-glide plane; n, n-glide plane; c, c-glide plane; *C, C-centering translation.
Pbca
I

I

2ia

I

2 a
2,6
2ie
i
6
c

2ia
I

2,6

2,c

i

b

c

a

2,6

2,c
2,6
2,a

i
b
c
a
I

b
i
a
c
2,a
/

c
a
i
6
2ic
2,6

a
c
6
z2ic

2lC
/

/
(symmetric)

2,6
2,a

I

(i

/. identity operation; 2,a, 2-fold screw axis parallel to a axis; 2,6, 2-fold screw axis parallel to
b axis; 2ic 2-fold screw axis parallel to c axis; i, inversion center; 6, 6-glide plane normal to a axis;
c. c-glide plane normal to 6 axis; a, a-glide plane normal to c axis.

are binary (i.e., e = e"1, where e"1 is an
inverse of the symmetry element e).
Therefore subgroups of rank 2 are {I, e},
where / is the identity operation and e
is any nonidentity element in C2/c or
Pbca. Subgroups of rank 4, H = {/, hi,
^2, hs]t are derived by the relation

(I,e) - [IMMM)
—

{I,g1}g2- ■ .g<}

where the g'e are elements in C2/c or
Pbca.

Subgroups of C2/c and Pbca thus derived are listed in Table 71. Those for
C2 c were previously derived by Matsumoto and Banno (1970, 1971), W. L.
Brown (1972), and Ohashi (1973). Two
PI space groups in the list are symmetrically equivalent but distinct in terms of
the pyroxene structure because there are

two kinds of inversion centers, i\ and i2,
in the structure. By i\ two chains in
different layers, e.g., T1A* and T2B, are
related, whereas by i2 two chains in the
same layer, e.g., T1A and T2C, are
related.

Ito (1935, 1950) showed that the orthopyroxene space group Pbca is equivalent
to P2i/c twinned by a 6-glide plane
normal to the a axis. The space group
Pbca can thus be obtained by extending
P2/c by a binary group {/, b},
{l,b} • {P21/c} = {Pbca}.
In terms of elements of groups,
{I,b} • [I,21,i»,c} =

{J,2ia,2ib,2ic,i,b,c,a},
* For the clinopyroxene nomenclature, see
Burnham at al. (1967).
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monoclinic Pc, P2/c, or Cc, none; of which
is known as a space group of clinopyroxenes. In the latter two space groups,
there are noncrystallographic hypersymmetry elements in the resultant P2]ca\
and as a result the number of general
positions becomes 8 compared with 4 in
the ordinary P2]Ca.
In conclusion, this systematic analysis
of symmetry in the pyroxene structure
will provide useful information for identification of new types of pyroxenes a:s
well as a better understanding of the
symmetry relationships of the pyroxenes
that have been found. Just as the analysis of the twinning relationships of Pbca
led Ito (1935, 1950) to predict the existence of clinopyroxene belonging to P2i/c,
a symmetry later found to be the space
group of pigeonites (Morimoto, 1956:
Bown and Gay, 1957) , the twinning relationships discussed here for the new

where the symbols of elements are given
in Table 70. It can be shown that {I,
b • e], where e = 2-[b, i and c, can be also
used to generate Pbca from P2i/c. Therefore, in addition to the 6-glidc plane
normal to the a axis, three operations —
a = b • 2]b, 2xa = b • i, and 2±c = b • c
(from Table 70) — also serve as twinning
operations of clinopyroxene unit cell to
produce the orthopyroxene cell. These
operations are shown diagrammatically
in Fig. 206. If operated on P2jc, these
four twinning operations are equivalent;
however, they generate different orthorhombic space groups if the monoclinic
space group has lower symmetry than
P21/c. Table 72 shows the twinning relationships between clino- and orthopyroxenes.
A new orthorhombic space group,
P21/ca, found by Smyth (1974) can be
interpreted from Table 72 as twinned

TABLE

71. Subgroups of C2/c and Pbca

C2/c
Space Group
Monoclinic
C2/c%
(15) §
P2i/c%
(14)
P2i/n%
(140
P2/c
(13)
P2/n\
(130
Cc
(9)
C2%
(5)
Pc
(7)
Pn
(70
P2i
(4)
P2% .
Triclinic
Cl
P]
Pi
PI

ci

Pbca
Space Group

Symmetry
Elements!

Orthorhombic
All eight
7, 2i, i2
/, 2i, ii
I, 2, *i, c
I, 2, it, n
I, c, n,
I, 2, 2i,
I,c
I, n
/,2,

(3)

1,2

(20
(2)
(2)
(1)

I, i\, 12,

(io

*C
*C

Symmetry
Element?!

I,
I, i\
i%
I

I, *C

*C
,c
,n

Pbca%
(61) §
All eight
P2mX
(29)
I, 2ia, c, a
Pb2,a
(29)
7, 2i6, 6. a
Pbc2x
(29)
7, 2ic, 6, c
P2i2i2i (19)
7, 2ifl, 2i&, 2ic
Monoclinic (a axis unique)
P2i/6
(14)
7, 2ifl, z, 6
P2X
(4)
7, 2ia
Pb
(7)
/, 6
Monoclinic (b axis unique)
P2x/c
(14)
L 2l 6, i, c
P2i
(4)
7, 2:6
Pc
(7)
7, c
Monoclinic (c axis unique)
P2i/a
(14)
7, 2ic, /. a
P2i
(4)
7, 2ic
Pa
(7)
7, a
Triclinic
PI
PI

(2)
(1)

7, t
/

tSymbols are the same as in Table 70.
|Reported as pyroxene space groups.
§Space group numbers in International Tables for X-ray Crystallography (1965)
parentheses; t indicates that axes must be transformed from the standard axes.
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72. Twinning Relationships between Monoclinic and Orthorhombic Space Groups

Monoclinic
Space
Gr
oup

6-glide

P2i/c
Pc
P2X

Pbca
Pbc2j
Pb2]a

C2/c
P2i/n
P2/c
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Orthorhombic Space GrouDS
Twinning
ope rations
o-glide
2, //to a
Pbca
Pbca
P2ica
P2xca
P2i2i2,
Pb2,a

2, //to c
P6ca
P6c2,
P2i2i2j

Pbca*
Pb2ta*
Pbc2x*
Pbc2x*

P2i2i2i*
P2i2i2!*
*
caa*
Pb21
Pb
*
a
Pbc
P2lCa*
a*
P6Pc2
&ci*
P2lCa*
P2i2i2i*
2lCa*
Phypersymmetry
''In addition to space group
elements.
P2i2i2i*
Pbxa*symmetry elements,
Pb2xa*there are some P2
ica*
P6c2i*
Cc
C2

orthopyroxene P21ca suggest the possible
existence of clinopyroxenes with Pc,
P2/c, or Cc symmetries.
Preliminary Results of the Refinement of the Crystal Structure of
holmquistite
L. W. Finger and Y . Ohashi

Holmquistite, Li2 (Mg,Fe2+) 3 (Al,Fe3+) 2
Sis0.22(OH,F)2, is a rare amphibole that
usually occurs at or near the contact between lithium-rich pegmatites and country rocks. This phase was shown to be
orthorhombic by Vogt, Bastiansen, and
Skancke (1958), and a two-dimensional
refinement of the structure, projected on
(001), was performed by Whittaker
(1969). Although the refinement confirmed that holmquistite is isostructural
with the anthophyllite-gedrite series,
many of the details, such as the differing
configurations of the two distinct chains,
are lost in projection. The need for a
three-dimensional refinement became apparent when a Mossbauer spectrum of
holmquistite was taken as part of a study
of the intracrystalline Fe2+-Mg distribution of an anthophyllite ( Seifert and
Virgo, this Report). On the basis of (1)
the cation distribution scheme proposed
by Ghose (1966) and (2) the inverse correlation between the hyperfine parameters, quadrupole splitting, and isomer
shift, and the site distortion (Bancroft,

Maddock,
Burns, of
1967),
the "Fe
Mossbauer and
spectrum
holmquistite
would be expected to show two absorption doublets — one corresponding to ferric
iron in M2 and the other, an unresolved
doublet, corresponding to ferrous iron in
Ml and M3. The M4 position was expected to be iron-free and would be completely occupied by lithium, sodium, and
calcium. The absorption spectrum confirmed the prediction of an Fe3+ doublet ;
in addition, however, two distinct Fe2~
doublets were observed. This report describes the preliminary results of a study
undertaken to provide a structural interpretation ofthe observed spectrum.
A cleavage fragment approximately
0.08 X 0.18 X 0.28 mm was selected for
intensity collection. The material, provided by Dr M. Ross, U.S. Geological
Survey, is from Uto, Sweden (Sundius.
1947). The crystal was mounted on the
computer-controlled, four-circle diffractometer with [441]* approximately
parallel to the rotation axis. All unique
reflections with 26 < 60° for MoKa
radiation were measured using a Xb filter
and the constant-precision counting technique (Finger, Hadidiacos, and Ohashi.
Year Book 72, pp. 694-699) . The scan
ratio and background counting times
were adjusted to yield a value of approximately 100 for the ratio of an integrated
intensity to its standard deviation as
computed from counting statistics. The
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the initial site occupancies as follows:
(1) The tetrahedral sites were filled with
aluminum, which was assumed to be

stability oi the instrument and crystal
mounting wore monitored throughout the
time oi data collection by remeasuring
two standard reflections every 2 hours.
The intensity data were corrected for the
Lorentz. polarization, and absorption

ordered into TIA and TIB* as found for
gedrite by Papike and Ross (1970). (2)
The remaining Al was assigned to M2,
and the remainder of this position was
assumed to be occupied by ferric iron.
(3) All lithium and calcium were assigned to M4, and sodium was added to
bring this position to full occupancy. (4)
The remaining Na and the K were placed
in a partly occupied A site at the coordinates of Papike and Ross (1970). (5)
The ferrous iron and magnesium were
randomly assigned to Ml and M3.
The initial cycle of the least-squares
refinement indicated an error in the above

effects iu; = 20.3 cm-1) using a modified
version oi the program oi Burnham
(1966). A total oi 2579 reflections was
measured, 1754 having an intensity
greater than twice the associated standard deviation.
The least-squares refinement has been
omplished with program RFINE2.
The atomic parameters of anthophyllite
(Finger. Year Book 68, pp. 283-288)
were used as the starting point for the
refinement. The atomic scattering factor- for neutral atoms were taken from
'tier and Mann (1968), and the
anomalous dispersion coefficients, from
Cromer and Liberman (1970).
The chemical composition of Sundius
1 1947. see Table 73) was used to assign

TABLE

assignments. The temperature factor for
the A site became very large (3.6 A2) ,
indicating that this atom was incorrectly
* The atom notation suggested by Papike and
Ross (1970) has been employed.

73. Analyses of Holmquistite from Uto, Sweden
Analysis'
wtGravimetric
%

U,03

no2

FejOa

FeO
MnO
MgO
CaO
Na 0
K 0
J.i oo
If
If 0
1

59.58
7.19
0.02
9.35
4.88
1 0.41
1 .66
0.06
0.50
0.27
3.53
2.23
0.03
0.21
99.92

0 = F

Wt % Microprobe Analysis
Electron

Cations per
24 (0,OH,F)

Oxide
SiOj

INSTITUTION

0.10
99.82

'Analysis by A. Bygd£n (Sundius, 1947).
fAll iron as FeO.
INot determined.

7.951
1.130
0.938
0.544
0.046
2.319
0.009
0.130
0.046
1 .900
1.986

Cations per
13 Cations
7.98
62.8
8.76

1.31

<0.02
11. 2f
0.52
12.7

1.19
0.06
2.40

n.d.|
<0.02
0.23

0.06

<0.02
n.d.

0.088
n.d.
96.2

...
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TABLE

74. Crystal Data for Holmquistite
from Uto, Sweden
18.321(5)
a, A
17.635(5)
6, A
5.272(3)
1703(1)
c, A

zV,

4

A3

3.12
Pnma

Spp*a,cge/cmg3roup

7.0%
Unconstrained Refinement
It
/ >

7.3%

2a,

9.9%

R

7-4%

all data
S||F0

R

IF,
Z\Fn

=

L

HwF ^

J

2

/
placed, and it was removed from
subsequent cycles. After convergence, the resulting temperature factors for all the M

TABLE
Atom
Ml
M2
M3
M4
TL4
TIB
T2A
T25
OlA
015
02A
02B
OSA
035
04,4
045
05A
055
06A
065
07,4
075

X

0.1253(2)
0.1255(1)
0.1254(2)
0.1245(13)
0.2302(2)
0.0194(2)
0.2266(2)
0.0240(2)
0.1809(4)
0.0696(4)
0.1839(4)
0.0654(4)
0.1818(6)
0.0686(6)
0.1883(4)
0.0644(4)
0.2025(4)
0.0467(4)
0.1955(4)
0.0532(4)
0.2049(6)
0.0440(6)

sites were large, showing an excess in the
scattering power or too much iron in Ml,
M2, and M3, as well as too much calcium
and sodium in M4. In addition, no evidence of any occupancy in the A site
could be found from difference-Fourier
maps.
An electron microprobe analysis of the
material was undertaken to resolve these
uncertainties in the chemical composition.
The results are presented in Table 73.
Obviously the problems associated with
the analysis of a lithium-bearing material with ferric iron and hydroxyl present
are formidable. When these results are
compared with those of the gravimetric
analysis (Sundius, 1947), however, the
latter show a higher content of iron and
a greater amount of Ca, Na, and K than
the electron microprobe results, which
confirm the suggestions of the initial refinement. The holmquistite grains were
also found to contain inclusions of magnetite, an alkali feldspar, and apatite. If
the material analyzed by Sundius also

75. Atomic Coordinates, Temperature Factors and Occupancies
for Holmquistite from Uto, Sweden
Occupancy
5
z
y
0.18(5)
0.3943(6)
0.18(3)
0.1602(1)
-0.1038(4)
0.19(7)
0.0685(1)
-0.1049(8)
0.8(4)
0.88(l)Mg + 0.12 Fe'*
0.72(1)A1
+ 0.28Fe'
-0.01/4
068(9)
Sit
0.3963(42)
0.41(4)
Li
-0
.4
32
7(
5)
-0.1624(2)
0.87(l)Mg +0.13Fe'
0.37(4)
-0.1630(2)
0.2759(5)
0.38(4)
-0.0768(2)
0.0725(5)
0.41(4)
-0.2176(5)
-0.0779(1)
Si
0.59(12)
0.1587(4)
0.0531(12)
0
0.58(11)
-0.2651(12)
Si
0.1581(4)
Si
0
-0.4120(13)
0.60(11)
0.0762(4)
0
0.48(11)
0.0753(4)
0.2007(12)
0
0.75(17)
-0.4434(17)
OH + F
0.68(18)
1/4
0.2350(18)
OH + F
0.70(12)
1/4
0.0647(13)
0.0046(4)
O
-0.
272
8(13)
0.0019(4)
0.74(12)
O
0.68(11)
-0.
166
-0.1295(4)
0(12)
O
-0.
0.74(11)
450
6(1
-0.1340(4)
2)
O
-0.1-16
0.59(11)
0.3329(12)
1/0(
4 4)
O
0.52(10)
-0.1-13
1/1(
0.0484(12)
4 4)
O
0.78(18)
0.5415(18)
O
0.88(18)
0.2389(18)
O

*Fe' = Fe2+ + Fe3+ + Mn.
tTetrahedral positions may also include some Al.
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contained those inclusions, some of the
chemical differences between the analy- sily be explained.
The mineral formula for the electron
microprobe analysis in Table 73 was used
in subsequent refinement cycles in which
the atomic positions and temperature
factors were refined, and the Fe-Mg occupancy factors for Ml and M3 were allowed to vary, subject to the constraint of
total chemistry. The resulting temperature factors for Ml . M3, and M4were relatively Large, whereas the value for M2
- small, suggesting additional complications in the chemistry. Therefore, a
completely unconstrained refinement has
been performed. The residuals for this
calculation are given in Table 74 along
with the crystal data. The atomic coordinates, temperature factors, and occupancies are shown in Table 75. Note the
close agreement of the temperature facTABLE
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tors of Ml, M2, and M3. If the occupancy factors from Table 75 are used to
calculate a formula, the result is Li2Feo.93
Mg2.63Ali.44(Si,Al)8022(OH,F)2. This formula differs significantly from both the
electron microprobe results and those of
Sundius (1947). Additional studies of the
chemistry of this material, particularly
the lithium content, are being undertaken
to resolve these conflicts.
Selected bond distances for this structure are presented in Table 76. Although
these results should not be regarded as
definitive because of the preliminary nature of the refinement, several general
conclusions may be drawn. The mean
Tl-0 and T2-0 distances are identical
for the two chains. The value for T2-0
is similar to that obtained for anthophyllite (Finger, Year Book 68, pp. 283-288) ;
however, the Tl-0 values obtained here
are smaller, even though both structures

76. Selected Bond Distances in Holmquistite from Uto, Sweden
Distance

At Min-

1.632(8)
1.606(7)
1.609(7)
1.618(4)

mean
-04
-05
T2-02
-06

1.614
1.640(7)
1.598(7)
1.622(7)
1.640(7)

inf-an
-02
-03
Ml-Ol

1.625
2.071(7)
2.095(7)
2.076(7)

ruf-an
-02
M2-0I

2.060(7)
1.954(7)
1.837(7)

-Ol

-03
mean
M3-Ol <2x)
mean
-Ol
M4-02
-05
-06
rii'-.-in of 1
5
6

1.631(8)
B Chain
1.607(7)
1.611(7)

A Chain

-0.5
Tl-Ol
-06
-07

2.077(8)
2.065(11)
2.079(20)
2.1 17(23)

1.612(4)
1.642(7)
1.616
1.614(8)
1.634(7)
1.624(7)
2.066(7)
1.628
2.122(7)
2.073(7)
2.083

2.068(7)
1.947(7)
1.853(7)

1.953

2.095(8)
2.06701)

2.079

3.470(21)
2.353(20)
2.087
2.140
2.247
2.345

2.084(20)
2.067(23)
2.782(20)
2.933(20)
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supposedly contain little Al in 4-fold
coordination. This result may further indicate the oversimplification of the formula in the anthophyllite refinement, as
suggested by Seifert and Virgo (this Report) from the 57Fe Mossbauer analysis.
The distances between Ml, M2, and M3
and the bonded oxygens are as expected;
however, the mean distance for M2 is
smaller than the others because of the Al
and Fe3+ content, and M3 is smaller than
Ml because of its slightly greater Mg
content. The coordination of M4 is highly
irregular, four oxygens at distances approximately equal to 2.1 A and a fifth
oxygen at 2.35 A. The next closest oxygens are at 2.78 and 2.93 A; therefore the
Li atom is essentially 5-coordinated. The
resulting polyhedron is a very distorted
tetragonal pyramid, with the Li occurring
very close to the surface of its base.
A detailed examination of the Ml and
M3 coordination polyhedra does not suggest any obvious reasons for the unexpected presence of two resolved Fe2+
doublets in the Mossbauer spectrum;
however, the refinement of the structure
is far from complete.
Refinement of the Crystal Structure
of Sanidine at 25° and 400°C
I7. Ohashi and L. W. Finger

Many of the reactions involved in silicate mineral equilibrium take place at
high temperatures, and the structural interpretation ofthese reactions has been
based on measurements made at room
temperature. The availability of suitable
single-crystal heaters now makes it possible to measure the intensities required to
determine the crystal structure while the
crystal is held at elevated temperatures.
However, there must be changes in the
mathematical techniques used to analyze
the results for the following reason: As
the thermal energy of the atoms in the
structure increases, the associated vibrational amplitudes will also increase. Because of the resulting derealization of
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the atomic positions, the distances between the average atomic positions, the
conventional bond calculation, will be
shorter than the effective bond distances,
which are the time average of the Lengths
of the interatomic vectors (Busing and
Levy, 1964). Because the correr-ted bond
distances are the values required for energy calculations, a comprehensive theory
of crystal structures at high temperature
that neglects this effect would not be very
useful; on the other hand, the calculation
of this bond lengthening require- knowledge of the interatomic forces, resulting
in an impasse. In this study an attempt
has been made to investigate these effects
in a highly ordered sanidine through refinement of the structure at 25° and
400°C.
The crystal structure of sanidine was
determined from x-ray diffraction by
Taylor (1933), using the intensities of
reflections that were estimated visually
from rotation photographs. Improved
intensity data were obtained by Cole,
Sorum, and Kennard (1949) by photometrically measuring reflections on Weissenberg photographs. Their atomic coordinates, however, were hand-calculated,
and later Ribbe (1963) refined the same
data set by the difference-Fourier technique with a digital computer. Brown
et al. (1971) refined the structure of a
sanidine from Laacher See, Germany,
using the techniques of neutron diffraction.
A sample of sanidine from the same
locality as used by Brown et al. 1 1971 I
was kindly supplied by Dr. D. R. Waldbaum. Crystals approximately 0.30 X
0.17 X 0.14 mm (25°C) and 0.17 X 0.11
X 0.10 mm (400°C) were used in the
data collection. The intensities for reflections in one quadrant of reciprocal space
were measured to a maximum 20 of 70 c
(25°C) and 60° (400°C) for MoKa
radiation.
For the high-temperature experiment,
a crystal mounted in a silica capillary
with high-temperature cement is heated
by a Pt-resistance microheater installed
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od the chi-ring of the four-circle diffraetometer. Because temperature measured
by a Pt-Pt90RhlO thermocouple and the
actual temperature at a crystal position
vary differently with the chi-setting of
the diffractometer (Brown. Sueno, and
•■:::. 1973), the thermocouple temperature that yields the desired crystal temperature iscomputed for each reflection
from the previously determined chi correction factors for the heater. Electric
current to the heater is then controlled by
the PDP-11 computer (Finger, Hadidiacos, and Ohashi, Year Book 72, pp. 694699) to equalize the measured and calculated thermocouple temperatures. A
more detailed description of the heater
design will be given elsewhere.
The observed intensity data were corrected for Lorentz and polarization effects and for absorption using the numerical integration technique of Burnham
(1966). The extinction factor of Zachariasen 1 1 967 ) was also computed. Leastsquares refinement of the structure has
been initiated using computer program
RFINE 2 and the atomic parameters of
orthoclase determined from neutron diffraction results by Prince, Donnay, and
TABLE

OD <
1 '
K,Na
Tl
T2
OA I
OA 2
OB

or
OD

Martin (1973). The cation occupancies
were fixed to be 0.68Si + 0.32A1 in Tl,
0.82Si + 0.1 8A1 in T2 and 0.86K +
0.1 4Na in the alkali site, the values reported by Brown ct al. (1971) in their
neutron diffraction study on the same
sanidine. The atomic scattering factors
used are those for ionized atoms (Cromer
and Mann, 1968) , and the anomalous dispersion terms used are those given by
Cromer and Liberman (1970).
The space group was confirmed to be
C2/m. The unit-cell parameters and the
unit-cell volume determined by the leastsquares refinement of twelve reflections
on the four-circle diffractometer are a =
8.543(3) A, b = 13.021(5), c = 7.183(1),
P = 115.98° (3), and V — 718.3(3) A3 at
25°C; a = 8.603(3) A, b = 13.011(2),
c = 7.175(1), p = 115.90° (2), and V =
722.4(3) A3 at 400°C, The final weighted
residual factors are 3.4% for 1471 observed reflections at 25°C and 6.8% for
621 observed reflections at 400°C. Table
77 lists the final atomic parameters and
the equivalent isotropic temperature factors computed from anisotropic temperature factors by the equation given by
Hamilton (1959).

77. Atomic Coordinates and Equivalent Isotropic Temperature
B(eq) Factors for
Laacher See Sanidine at 25° and 400° C
X

S6°C
K !
Tl
T2
OA 1
OA2
OB

INSTITUTION

V

0.2840(1)
0.0093(1)
0.7076(1)
0
0.6340(3)
0.8277(2)
0.0338(2)
0.1812(2)

0
0.1844(1)
0.1177(1)
0.1461(2)
00.1454(1)

0.2908
0.0103 3)
0.71 16 I)
0
0.6460(12)
0.8318 8)
0.0359
0.1787

00.1857(2)
0.1191(2)
0.1487(8)

'Brown et al. (1971).

0.3098(1)
0.1204(1)

00.1496(6)
0.3104(5)
0.1271(5)

z
0.1371(1)
0.2238(1)
0.3443(1)
00.2855(3)
0.2278(2)
0.2577(2)
0.4052(2)
0.1400(8)
0.2238(4)
0.3460(4)
0
0.2862(22)
0.2309(10)
0.2600(9)
0.4039 (10)

2.15(2)
0.83(1)
0.83(1)
1.59(4)
1.59(4)
1.82(3)
1.44(2)
1.49(3)
4.7(1)
1.90(7)
1.1(
963)
(7)
4.
3.3(2)
3.5(2)
2.7(1)
3.2(2)

Neutron
2.58(4)
0.74(2)
0.75(2)
1.54(2)
5(eq)*
1.51(2)
1.88(2)
1.43(2)
1.45(2)
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78. Interatomic Distances (A) for Laacher See
San idine at 25'' a:
Neutron*

Corrected!
Riding

Uncorrected

Noncorrelated

Lower
25°C Tl-OAl
-OB
-OC
-OD

1.649(1)
1.643(1)
1.653(1)
1.654(1)

1.651(1)
1.645(2)
1.651(2)
1.657(2)

Mean
-OB
T2-CM2
-OC
-OD

1.650
1.642(1)
1.630(1)
1.634(1)
1.633(1)

1.651
1.640(1)
1.623(2)
1.635(2)
1.629(2)

1.635

1.632

Mean
C -05
400°T1-OA1
-OC
-OD

1.641(4)
1.627(7)
1.643(7)
1.647(8)

Mean
T2-OA2
-OB
-OC
-OD

1.640
1.641(4)
1.630(8)
1.641(7)
1.626(7)
1.635

Mean
25°C
(K,Na)-(Ml
-0A2
-OB
-OC
-OD

[X2]
[XI]
[X2]
[X2]
[X2]

40(9°C
(K,Na)-OAl
-0^2
-OB
-OC
-OD

[X2]
[XI]
[X2]
[X2]
[X2]

2.890(2)
2.695(2)
3.017(2)
3.130(2)
2.936(2)

1.652
1.647
1.652
1.659
1.652
1.642
1.626
1.636
1.631
1.634
1.645
1.630
1.644
1.649
1.642
1.642
1.633
1.641
1.627
1.636

nd 400" C

1.657
1.654
1.657
1.664
1.658
1.648
1.634
1.641
1.637
1.640
1.659
1.645
1.652
1.659
1.654
1.651
1.647
1.646
1.638
1.646

1.671
1.657
1.669
1.676
1.671
1.662
1.646
1.654
1.649
1.653
1.691
1.674
1.681
1.686
1.683
1.684
1.677
1.675
1.667
1.676

2.895(1)
2.698(3)
3.029(2)
3.134(2)
2.945(2)
2.969(7)
2.764(10)
3.087(8)
3.112(7)
2.974(8)

♦Brown et al. (1971).
fFor thermal correction models, see Busing and Lev}' (1964).

Interatomic distances (Table 78) from
the x-ray and the neutron refinements at
room temperature are generally in agreement within a few standard deviations,
with the exception of the (K,Na)-02?
distance, for which the difference is 6
standard deviations. When the mean T-0
distances, 1.651 and 1.632 A from the
x-ray refinement, are used to estimate the
Al-Si occupancy in the tetrahedral sites,
the regression equations of Al content

versus the mean T-0 given by Jones
(1968) by Ribbe and Gibbs (1969 1 both
yield essentially identical values. 0.70Si
+ 0.30A1 in Tl and 0.82Si + 0.18A1 in
T2, which agree within 1 standard deviation with the occupancies determined by
neutron diffraction (Brown et al.. 1971 1.
The neutron diffraction study of Prince.
Donnay, and Martin (1973) suggests that
the Al content determined directly deviates from the above regression lines.
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particularly in regions of low and high
Al contents. The differences, however,
are small for the intermediate Al content of the tetrahedra in the sanidine.
The agreement for the equivalent isotropic temperature factors, Z?e(,, obtained
in the x-ray and neutron refinements is
excellent for all the oxygen atoms. The
Beq's from the x-ray refinement are
larger for the tetrahedral cations and
smaller for the alkali atom than the corresponding values from the neutron refinement. The neutrons interact on the
nucleus of the atom, whereas the x-rays
are diffracted by the surrounding electrons. In addition to this difference, the
Al and Si atoms are almost identical to
the x-rays in terms of the scattering
power, and the K and Na atoms have essentially the same cross section to the
neutron diffraction. Therefore, the observed difference in Beq for (Al -f- Si)
and (K -f- Na) between the two diffraction methods may suggest that the positional disorder of Al-Si and K-Na appears differently in the two diffraction
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techniques. At present, however, no satisfactory explanation can be given.
The effect of temperature on interatomic distances (with no thermal corrections) isdifferent for the tetrahedra]
cations and for the alkali atom. All K,
Na-0 distances except that toward the
oxygen OC increase as temperature increases, while the T-0 distances show a
tendency to decrease. This apparent contraction of the T-0 distances with increasing temperature has also been observed in orthopyroxene (Smyth, 1973)
and in Ca-Fe clinopyroxene (Ohashi,
1973). When atoms vibrate, the distances between the mean positions of the
atoms do not represent the time average
of the interatomic distances (Busing and
Levy, 1964) . Particularly at high temperature, the correction for atomic
thermal motions becomes more significant. Several models for the thermal
corrections have been proposed (Cruickshank, 1961; Busing and Levy, 1964);
none of them, however, is suitable for the
T-0 bond. The true interatomic distance

Fig. 207. Difference-Fourier map for the alkali position in sanidine at 25 °C. The alkali atom indicated by cross is on the mirror plane normal to the b axis. Units in e/A3. The negative region;
are dotted.
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T-0 i> probably somewhere between
those for the lower limit, which corre:uls to a highly correlated parallel
motion, and those tor the ooncorrelated
model given in Table 78, which may
show a small expansion with increasing
temperature.
For both crystals used for refinements
at 25° and 400°C, a relatively large effect
of extinction has been observed. The
isotropic extinction parameter of Zachariasen (1967) obtained from least-squares
refinements is 0.70(1 I X 10~4 cm for the
first crystal and 0.95(8) X 1CT4 cm for
the second. These values correspond to
approximately 6 to 8 seconds of arc of
the mosaic spread (type I) or 5000 to
7000 A of the spherical domain radius
• type Hi i Coppens and Hamilton, 1970) .
More than 20 strong reflections have extinction factors less than 0.8, and in the
worst case the intensity corrected for extinction isabout 50% of that calculated
from the kinematic theory.
Anisotropy of the thermal vibration
ellipsoid I Table 79 1 is quite large for the
alkali site occupied by the K and Na
atoms. To check the possibility of splitting of the K and Na atoms, the difference-Fourier maps have been computed.
The b-c section for the alkali site shows
■ 3S( ntially concentric distribution of al•iting positive and negative residuals
with the maximum difference of 0.8e/A3
at the center (Fig. 207). This result indicates that the anisotropic temperature
- for the alkali atom approximate
the anisotropy of the electron distribution
but that the total number of electrons in
the site might be slightly smaller than
that for the assigned value 0.86K +
O.MNa. Thus, the chemical composition
of the crystals has been reanalyzed by
electron microprobe, and the average
values obtained are 0.84K -j- 0.15Na,
which yield a -lightly lower scattering
power for the site, as expected from the
difference-Fourier map. This small difference in chemistry, however, should not
affect refined parameters of other atoms.
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Refinement of the Crystal
Structure of Zircon
L. W. Finger
A small zircon crystal is used in this
Laboratory as a tool in the alignment of
the single-crystal x-ray diffractometer.
After a recent realignment of the instrument, a complete set of intensity data
was collected to test the operation of the
equipment and secondarily to remeasure
the value of the Si-0 bond distance in
this structure.
The crystal structure of zircon was determined byVegard (1926), Binks (1926),
Hassel (1926), and Wyckoff and Hendricks (1927). The structure was refined
by Krstanovic (1958). White and Gibbs
(1967) studied the wavelength of SiK/3
x-rays for silicates of various types and
discovered a high degree of correlation
(r = 0.93) between this wavelength and
the average Si-0 distance for many different structures; zircon, however, did not fit
the trend. If the measured wavelength and
the coefficients of the regression line are
used to predict the Si-0 bond distance, a
value of 1.629 A is obtained. This value
is in poor agreement with the value of
1.612 A reported by Krstanovic (1958).
Robinson, Gibbs, and Ribbe (1971) again
refined the crystal structure and obtained
a value of 1.622 A. As described below,
the present study yields a result that
agrees very closely with the regression
line of White and Gibbs (1967).
The small (0.03 X 0.04 X 0.07 mm)
crystal of zircon from a quartz monzonite
near North Bay, Ontario, was mounted
with [231 ] x approximately parallel to
the rotation axis. The unit-cell parameters were determined by auto-centering
of eight reflections, and least-squares refinement resulted in the values shown in
Table 80. Intensity data were collected
for all reflections in one octant of reciprocal space for which 20 was less than 60°
for WoKa radiation. The constantprecision data-collection technique of
Finger, Hadidiacos, and Ohashi
(Year
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80. Crystal Data for Zircon, ZrSiO*
5.994(2)
6.612(2)*
262.0(1)

a, A
c, A
Space group
z V, A3

IA\/amd
4
4.64

P.o g/cm*
*The number in parentheses is the estimated
standard deviation of the final digit presented.

Book 72, pp. 694-699) was employed,
with a maximum time of 4 minutes per
reflection and a target value of 1% for
the ratio of the standard deviation of the
intensity to its value. Two standard reflections were remeasured every 2 hours;
and there was no significant deviation
during the 18 hours required for the data
collection. The intensity data were corrected for the Lorentz and polarization
effects.
Least-squares refinement of the structure was performed using computer program RFINE 2 and the parameters of
Robinson, Gibbs, and Ribbe (1971) as
the initial values. Neutral atom scattering factors from Cromer and Mann
( 1968) and anomalous scattering coefficients (both real and imaginary parts)
from Cromer and Liberman (1970) were
used. The refinement converged rapidly
with isotropic temperature factors; these
were converted to anisotropic, and the refinement was continued. The refined parameters also included an isotropic extinction coefficient of the form proposed
by Zachariasen (1968). An R-i actor test
(Hamilton, 1965) showed the results of
the anisotropic refinement to be significantly better than those of the isotropic
refinement, although the atoms are not
highly anisotropic. The final residual for
all 220 data is 2.8%, with a weighted
TABLE
Atom
Zr
Si
0

residual of 3.2%. All 201 reflections with
/ > 2<r/ have been included in the refinement. The parameters; obtained in the
refinement are listed in Table 81. The
values are similar to those obtained by
Robinson, Gibbs, and Ribbe H971), with
some exceptions. Their equivalent isotropic temperature factors are smaller by
0.1 to 0.2 A2; however, experience with
extinction corrections in this Laboratory
has shown that when this parameter is
included in the least-squares matrix, the
values for the temperature factor generally increase. This effect results from
the correlation between changes in the
scale factor, the temperature factors, and
the extinction coefficient. Because the
data set of Robinson, Gibbs, and Ribbe
(1971) contained "a relatively large number of low angle, high intensity reflections
(which) were rejected in the final refinement because of extinction effects,'" the
discrepancies should be expected. There
is, however, a difference in the atomic
parameters which cannot be so easily explained. The values for the z coordinate
of the oxygen atom differ by 2.5 standard
deviations. The effect of this change is
shown in Table 82, in which the bond
distances and angles obtained in the two
studies are compared. The Si-0 distance
for the present study is 1.630 A, which is
very close to the predictions of White and
Gibbs (1967). The 0-0 distances in the
tetrahedron are also increased, with very
little change in the O-Si-0 angles. Xote
that the details of the Zr08 polyhedron
are essentially unchanged.
The magnitudes and directions
of the
'tOl
principal axes for the thermal ellipsoids
of the study are shown in Table 83. Both
the Zr and Si atoms have uniaxial thermal

81. Positional Par ameters and Equivalent Isoti
opic Tempera ture
X

0
0
0

y
3/4
0.0660(5)
3/4

2

1 s
5/8
0.1941(5)

Fac
rs for Zircon
0.40(2)
0.72(6)
B(equi\~.)
0.50 4^
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82. Bond Distances and Angles for Zircon
This Study
■on
Robinson, Gibbs, and Ribbe (1971)
Distance
Distance
Angle at Cation
Atoms
Angle at Cation
1.6221(1)
97.01(1)
2.430(2)
96.6(2)
Si-0 It)
1.630 3)
116.06(8)
2.752(2)
0-0 2x)
2.435 7)
116.2(1)
0-0 ix)
2.769(6)
2.268(1)
7. 0% Triangular Dodecahedron
2.131(1)
Zr-o' ix)
2.268(3
64.8(1)
Zr-0 4x)
2.129(3))
2.200
2.430(2)
65.0(2)
mean
2.198
80.41(2)
2.842(1)
80.6(1)
69.00(5)
0-0 2s)
2.435(7)
2.494(2)
68.8(1)
92.23(1)
0-0 Br)
2.844(1)
92.2(1)
3.071(2)
0-0 ix)
2.485(7)
O-O ix)
3.068(5)

ellipsoids in which the unique axis is
shorter than the circular section. The
oxygen atom is triaxial, with one axis
constrained to be parallel to ci\ ; however,
the parameters yield an ellipsoid that is
< — • ntially a sphere.
What are the reasons for the sizable
deviations of these results from the refinement ofRobinson, Gibbs, and Ribbe?
There are several possible sources of
error in each refinement. The composing) of the crystal used in the present
study has not been measured and may
not be the same as that used by Robinson, Gibbs, and Ribbe. The U content
other zircons from this rock is approximately 100 ppm (T. E. Krogh, personal communication), and other impurare expected to be present in minor
centrations. The low uranium content

also suggests that the crystal is not likely
to be highly metamict. A second source
of error is the lack of an absorption correction. The linear absorption coefficient
is 40 cm-1,
which inwould
introduce a factor
maximum difference
the transmission
of ±5%; the effect would be smaller,
however, for most reflections. Because
the precision of the intensities is approximately ±1%, it is not believed that
this is a serious error. In any event, the
temperature factors should be much more
affected than the bond distances.
There are also several sources of error
in the data set of Robinson, Gibbs, and
Ribbe (1971). The most serious is the
extinction effect mentioned above, which
should not seriously affect the bond distances. Their experimental technique of
using0\ a planimeter d2 to measure the areas

T A BLE 83. Magnitudes and Orientations of the Principal Axes of the Thermal
Ellipsoids in Zircon
respect to

A
Atom, Axis
rl
Zr, r\
r.3
r2
Si, r\
r3
0. r2
r]
rZ

Hrns displacement,
0.065(3)
0.075(1)
0.075(1)
0.068(8)
0.085(1)
0.085(1)

o.oso (10)

0.094(9)
0.1 10(8)

A

igle
90
0
00
90
0
90

jgrees) with
90
90
900
90
(d(
34(29)
0
56(29)

90
0

C
0
90
90
0
90
124(29)
34(29)
90

90
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on a strip-chart record could have introduced errors due to nonlinearities in the
rate-meter, the recorder, or both. There
could also be difficulties arising from their
use of the equi-inclination geometry. It
is not usually possible to measure all reflections within a sphere of reciprocal
space. In addition, when the rotation axis
of the crystal is also an axis of symmetry
(a situation impossible to avoid with a
tetragonal mineral) , the occurrence of
multiple diffraction becomes systematic
rather than accidental as in a random
orientation of the crystal. If the four- fold
axis of a tetragonal crystal is in the rotation
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direction, the intensity errors could become serious. Similar multiple diffraction
errors will occur in four-circle geometry
when a reciprocal axis is parallel to the
rotation direction; this situation should
therefore be avoided.
Although several possible sources for
the discrepancy between the two valueobtained for the Si-0 bond distance have
been suggested, none of these appears to
be highly probable. Until a definitive
cause is determined, the discrepancy
must be regarded as indicating the accuracy, as opposed to the precision, of the
determination.

GEOCHEMISTRY
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Fractionation of a Rare Earth Element BETWEEN DlOPSIDE AND A BASALT

Melt at 20 kbar Pressure
M. G. Seitz
Of the minerals common to ultramafic
rocks, clinopyroxene is one of the major
host minerals to large ion elements. It is
likely, then, that an understanding of the
fractionation of samarium between diopside, the principal component of clinopyroxene, and a basaltic liquid will provide insight into certain trace element
distributions in igneous rocks. For this
reason the partitioning of samarium between diopside and melt at 20 kbar pressure and temperatures from 1525° to
1350°C was studied.
The analytical technique used on the
experimental charges consisted of mapping the samarium concentrations by
registering beta particles from the spontaneous decay of samarium-151 in nuclear emulsions. The K-5 nuclear emulsions used in these experiments were
made by the Ilford Company, England,
and were 25 /mi thick on glass slides.
After being exposed to beta particles from
the samarium in the sample, the emulsions were developed in a process similar

to that used for photographic film, to give
silver grains along the path of the ionizing particles. The resulting image
served as a map of the beta activity and
hence the samarium-151 concentration in
the silicate crystals and liquid. The technique is applicable to most elements of
geologic interest and has been used, for
example, to study the solubility of carbon
dioxide gas in silicate melts at high pressures (Mysen and Seitz, this Report I .
Experiment
A glass of 50% (by weight) diopside.
25% albite, and 25% anorthite was
spiked to a concentration of 10 ppm
samarium-151. This simple mixture was
chosen because, with the exception of
iron, it contains the elements that are the
major constituents of igneous rocks. The
concentration of samarium selected is in
the range found in terrestrial basalts and
is low enough so that the partitioning
characteristics of the trace element, as
inferred from partitioning studies of uranium (Seitz, Year Book 72, pp. 581-586).
are not affected by its concentration.
Small quantities ( 10 to 20 mg) of the
material were placed in carbon capsules
and pressurized to 20 kbar in a solidmedia, high-pressure
apparatus.
The

\s
temperature, monitored by a platinum,
platinum-It'
rhodium
thermocouple
placed near the sample, was first raised
to 1525 C for SO minutes to remelt the
charge and then cooled at a rate of 3°/
minute to precipitate diopside from the
melt. The temperature was lowered to
1350 C, and the samples were either
immediately quenched or held at temperature for 1 hour and then quenched.
id quenching, the high-temperature
phas< assemblage was preserved as crys- surrounded by glass that formed
. the melt.
By growing crystals at continuously
lower temperatures equilibrium is not
maintained in the experiments, nor is any
temperature maintained long enough for
the system to approach equilibrium
through solid diffusion in the crystals.
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The crystals are grown such that only the
crystal surface is in equilibrium with the
melt from which it precipitated (Seitz, in
preparation). The partition coefficient at
equilibrium, however, may be obtained
from these experiments as the ratio of the
trace element concentration at the surface of the crystals to that in the glass.
Moreover, the distribution of samarium
in the crystals provides detailed information from a single run of the equilibrium partition coefficient at successively
higher temperatures.
The constraint that the system be at
complete equilibrium is relaxed because
of the ability to determine the microscopic distribution of the trace element
from the nuclear emulsion. It is likely,
furthermore, that any method used to
study the equilibrium behavior of trace

- - 3 Polie
on of diopside crystals mown from a diopside-albite-anorthite liquid that
- quenched to form the darker glass. Photo is 200 fim wide.

549
GEOPHYSICAL

LABORATORY

Fig. 209. Samarium-151 activity map of the diopside-glass sample as recorded in nuclear emulsion. The high-activity regions (dark areas) form a mirror image of the glass in the sample, indicating that samarium is greatly enriched in the melt compared with the diopside crystals.

elements, at least the large-ion lithophile
elements, will have to circumvent the
requirement of total equilibrium! This
appears to be so because of the slow diffusion rates of these elements, even at
high temperatures (Seitz, Year Book 72,
pp. 586—588) . Moreover, in experiments
where the rate of crystal growth is uncontrolled, such as the crystallization of
a glass at constant temperature, kinetic
disequilibrium effects in the trace element may be expected (Seitz, this Report).

Polished mounts of the samples were
covered with nuclear emulsion plates and
clamped together in an aluminum box for
periods of 4 to 120 hours. The exposed
plates were then developed to reveal the
traces of the beta particles and thus serve
as a map of the samarium distribution in
the sample.
A typical sample of diopside grains
plus melt and its corresponding samarium
map are shown in Figs. 208 and 209.
where a strong enrichment of samarium
in the melt relative to the diopside can
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TABLE

84. Samarium Partitioning between Diopside and Melt at 20 kbar Pressure,
1450° to 1340°G
Samarium in GlaJ
Samarium in Diopside,
Coefficient, /voqt
Equilibrium
1 ixperiment'
12
11

0.080
0.090

0.95
0.95

ppm
•In the first experiment the charge was held at 1340°C for 1 hour before quenching. In the second
experiment, the charge was quenched immediately after crystal
ppmgrowth.
"The equilibrium coefficient was calculated from the equation given in the text. Experimental
uncertainty is 5°^ from the number of tracks counted.

be seen. Because of large differences in
the radioactivity of the two phases, two
or more maps, differing in the exposure,
were made of each sample in order to
optimize the density from each phase for
track counting.
Results
Average concentrations of samarium
measured in the melt and crystals and
the partition coefficient, Keq, are given in
Table 84 for the two experimental runs.
The coefficient was calculated to be the
equilibrium coefficient for a system in
which ill the trace element was strongly
fractionated into the liquid, (2) the trace
and major elements remained uniformly
distributed in the melt during crystal
growth, (3 1 the trace element did not diffuse in the crystals, and (4) partitioning
of the trace element was not dependent
on temperature. Evidence that these
condition- were maintained in the present
experiments and the equation relating the
age concentrations in the crystals
and melt to the equilibrium partition coefficient, A',.,,, are considered elsewhere
(Seitz, in preparation).
In the first reported experimental
study of rare earth partitioning, Masuda
and Kushiro i1970i reported values of
0.29 to 0.82 for the ratio of samarium between clinopyroxene and melt at 20 kbar
pressure. The partitioning coefficients
given in Table 84 are strikingly low in
comparison. In addition, measurements
of samarium concentrations in mineral
separates from phenocrysts and the host

matrix, ranging from 0.1 to 1.4 (Schnetzler and Philpotts, 1970; Onuma et al.}
1968), are also higher than values reported in this study.
This trend is similar to that observed
for uranium and thorium, where measurements from natural systems are consistently higher, many of them by over
an order of magnitude, than values measured from synthetic samples for equilibrium conditions. Several explanations,
including experimental problems or differences in the chemical and physical
conditions of the systems, may be forwarded to account for the variability in
measured coefficients. One explanation is
that the variability is due to nonequilibrium behavior in some systems. It has
been observed, for example, that fast
growth rates produce fractionation between crystals and melts that is less than
that obtained at equilibrium (Seitz, this
Report).
Conclusions
Knowledge of the cause for the variability of measured coefficients and extraction of more information from trace element distributions in natural sampies are
dependent, in part, on systematic studies
of trace element fractionation in laboratory experiments. The technique of mapping the microscopic distribution of trace
elements by recording beta particles in
nuclear emulsions is applicable to most
elements of geologic importance and appears to be a useful method of studying
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trace element geochemistry under a wide
range of physical conditions.
Coefficients believed to represent the
partitioning of samarium between diopside and melt at equilibrium are lower
than coefficients measured from other
laboratory experiments or in natural rock
systems. Although chemical and physical
conditions may affect measured coefficients, the higher ones may reflect nonequilibrium behavior in some systems.
Promotion of Kinetic Disequilibrium
of Trace Thorium
M. G. Seitz

For measurements of trace element
partitioning between crystals and melt
(Schnetzler and Philpotts, 1968, 1970;
Onuma et al., 1968) it has commonly
been assumed that the trace elements are
homogeneous in the crystals and the previously coexisting melt. Available evidence indicates, however, that the trace
elements often are not homogeneously
distributed in single phases (Schnetzler
and Philpotts, 1970) . Perhaps more fundamentally, the assumptions of homogeneity are generally made with little quantitative understanding of the conditions
that may cause the trace elements to be
inhomogeneous.
The question of homogeneity has been
evaluated in certain instances by nuclear
mapping techniques that are capable of
recording the microscopic distributions of
trace elements (Seitz, Year Book 72, pp.
581-586, 588-593; Seitz and Hart, 1973;
Seitz, 1974) . Natural samples may be
examined in detail for inhomogeneities,
and the conditions of crystal growth in
laboratory situations may be adjusted to
promote homogeneity (see, for example,
Seitz, this Report) .
In addition to testing for homogeneity
it was thought that the mapping techniques could be used to explore properties
of trace elements that effect equilibrium.
This goal was partially realized when diffusion rates of uranium and thorium in
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diopside and apatite crystals were measured (Seitz, Year Book 72, pp. 586-588).
This report describes observation.- of kinetic disequilibrium obtained under controlled conditions and a procedure applicable to many studies of nonequilibrium
behavior in silicate liquids.
Glasses of composition 50% diopside,
25% albite, and 25% anorthite by weight,
spiked with 30 ppm thorium-230 were
melted at 20 kbar and 1500°C, in a solidmedia, high-pressure apparatus. The
temperature was lowered at a controlled
rate to promote the growth of diopside.
The samples were quenched immediately
after
the were
temperature
1350 ''C.
Crystals
grown at reached
cooling rates
of
3°, 6°, 9°, and 15°C/min. The samples
were then polished to reveal the crystals
embedded in the quenched liquid. The
samples were covered with a plastic detector to record the alpha particles from
the spontaneous decay of thorium (see
Seitz, Year Book 72, pp. 581-586).
From the alpha maps, it was found
that samples cooled at the rates of 3= and
6°/min did not show inhomogeneities of
thorium in the quenched liquid. Similar
results on systems spiked with uranium
and samarium were used to derive equilibrium partition coefficients from trace
element concentrations obtained from
laboratory experiments (Seitz, 1974 > .
The sample cooled at 15°C/min consisted of crystals too small for mapping.
The alpha map for the sample cooled at
9°/min is shown in Fig. 210. The light
areas correspond to diopside and are low
in alpha tracks because of the nearly
complete rejection of thorium by diopside. The dark areas correspond to glass
that is rich in thorium. In particular.
rims of high activity surrounding the
crystals can be seen. These rims correspond to glass that is enriched in thorium
compared with the quenched liquid not in
contact with crystals.
Thorium is rejected by the growing
diopside crystals. The enriched rims are
believed to result when there is insuffi-
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Fig. 210. Map of trace thorium in a diopside-glass sample. The light areas correspond to diopside that is low in thorium. The dark areas correspond to glass that is rich in thorium. The highest thorium contents can be seen to occur in glass rims near the crystals. Scale is 100 /mi long.

for thorium to dissipate evenly
into the liquid owing to the rapid growth
of the crystals. The degree to which
the thorium does dissipate is controlled
by the diffusion rate of thorium in the
silicate liquid. The alternative explanation, that the enrichment occurred from
crystal growth during quenching, was rebasis of measurements of
age thorium concentration in the
melt and crystals. These measurements
indicate that the thorium concentration
is 2.1 times higher in the diopside than
expected from the average concentration
in the melt (0.5 ppm, compared with a
calculated value of 0.23 ppm obtained
from the equilibrium partition coefficient ). The high thorium content of the
diopside suggests that the enrichment

around the crystals was present during
growth of the entire crystal.
A unique diffusion rate of thorium in
the liquid could not be determined because of the variability in the width of
the enriched rim at different crystal surfaces. These variations are believed to
reflect different growth rates of the surfaces. A diffusion rate of thorium in the
liquid was estimated, however, based on
an average measured thorium diffusion
gradient and the average growth rate of
the crystals. A model was used in which
the flow of thorium from the enriched
zones is given by the linear growth rate
of the crystal surface multiplied by the
thorium concentration of the enriched
rim. This product represents the amount
of thorium that is being excluded from
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the growing crystal and hence added to
the enriched rim. For a diffusion front of
constant shape, this value would be equal
to the flow of thorium away from the
crystal surface. For the change in concentration of1.5% per micrometer, measured from the sample, a diffusion rate of
2 X 10-8 cm2/sec was calculated for
thorium. This value may be in error because of uncertainties in the measured
concentration gradients and assumptions
concerning diffusion in a dynamic state,
but it is a directly measured value that
can be used in estimates of thorium diffusion in magmas.
These observations are believed to be
the first report of kinetic disequilibrium
observed for a trace element in a silicate
system. Such effects are not unexpected,
however. For example, Albarede and
Bottinga (1972) predicted effects similar
to those observed here using crystallization models. They suggested that certain
variations in concentrations of large-ionlithophile elements for lunar basalts and
ocean tholeiites might be due to such
effects. Although cooling rates greater
than 6°/min obtained in this experiment
appear excessive, it must be remembered
that crystallization of both lunar basalts
and tholeiites is expected at lower temperatures than those investigated. Moreover, the composition that determines the
viscosity and structure of the liquid will
no doubt be found to affect diffusion in
the melt.
Rare Earth Elements in a Suite of
Basanitoids and Alkali Olivine
Basalts from Grenada,
Lesser Antilles
R.J. Arculus and N. Shimizu*

The occurrence of basanitoids and alkali olivine basalts on the island of Grenada, southern Lesser Antilles island arc,
has been described (Arculus and Curran,
1972; Cawthorn, Curran, and Arculus,
* Department of Terrestrial Magnetism, Carnegie Institution of Washington.

1973; Sigurdsson et al., 1973). To account for the strongly variable trace element geochemistry within this silicaundersaturated suite of basaltic compositions, a variable degree of partial melting
of similar upper mantle source material
has been suggested (Arculus, 1973] . It
was thought that a study of rare earth
element (REE) distribution would provide useful constraints to test this hypothesis and serve to characterize further the nature of the petrogenetic processes involved.
Theoretical analysis of trace element
distribution in silicate melts has been
presented (e.g., Gast, 1968; Shaw, 1970 1.
Rigorous predictions concerning the absolute abundances of trace elements to be
expected as the result of processes such as
fractional crystallization, partial melting.
or wall-rock reaction are not yet possible.
For example, the absolute abundances of
trace elements in the upper mantle are
probably variable (Gast, 1968), and the
partition coefficients for the appropriate
solid-melt equilibria are subject to revision (e.g., Philpotts, Schnetzler, and
Thomas, 1972; Seitz, this Report). However, the general form of the equations
that govern trace element differentiation
in igneous processes is known (e.g., Shaw,
1970) , and in the case of the REE. some
predictions concerning the nature of the
distribution patterns to be expected as a
result of some petrogenetic processes can
be made.
Fractional Crystallization
Examination of the published partition
coefficients for REE in silicate-melt equilibria, with regard to the wide range of
values (Philpotts, Schnetzler. and
Thomas, 1972; Seitz, this Report; Shimizu, current Report of the Department
of Terrestrial Magnetism) , reveals an observation important in subsequent discussion of the data obtained in this study.
Only garnet, of the major rock-forming
minerals found in ultrabasic and basic
rocks, preferentially
incorporates
the

554

CARNEGIE

heavy REE (Gd to Yb) relative to an
equilibrium melt. All the REE are preferentially partitioned into the melt by
phases such as olivine, orthopyroxene,
clinopyroxene,
spinel, amphibole,
and
plagioclase.
A possible
exception
is
plagioclase, which may preferentially incorporate Eu relative to a melt. Fractional crystallization oi any single phase
i r combination oi these phases other than
garnet results in an enrichment in successive residual melts of all the REE.
Zielinski and Frey (1970) have reported the
application of a fractional crystallization
model to account
successfully
for the
enrichment
of the REE
in an alkali
salt-trachyte series.
In fractional crystallization where
crystals are removed from contact with
the melt as soon as they are formed or
where only the surface of the crystal is
in equilibrium with the melt, the concentration of a given element distributed betw. en a solid crystalline phase and liquid
is given by the Rayleigh fractionation
law (Rayleigh, 1896)

INSTITUTION

alone depletes the heavy REE and enriches the light REE in the residual melt.
Partition coefficients for Yb (KKntmoit)
range from 10 (Philpotts, Sehnetzler, and
Thomas, 1972) to 3 (Shimizu, current
Report of the Department of Terrestrial
Magnetism), whereas the partition coefficient for Ce (Kgntmeit) is approximately
0.01 (Philpotts, Sehnetzler, and Thomas,
1972) . There is a wide range of published
values for REE partition coefficients for
clinopyroxene-silicate melt pairs (Philpotts, Sehnetzler,
and Thomas,
1972;
Seitz, this Report).
For approximate
calculations,
a
partition
coefficient
(Komphacitemeit) of 0.1 for the REE may be
assumed.
Eclogite fractionation may result in no
net variation in the abundance of heavy
REE in the residual melt. Assuming the
upper limit of Kgntmeit for Yb of 10, subtraction of omphacite plus garnet in the
ratio of approximately 10:1 will result in
no net variation of the abundance of the
heavy REE. Because the partition coefficients for the light REE (K^ntmeit and

(1

eclogite
are less inthan
Komr)hacitemeit)
fractionation results
the unity,
enrichment
of

where ( "■ is the weight fraction of the element in the liquid; C°, the weight fraction of the element in the original liquid;
F. the weight fraction of liquid that re-

the light REE in the residual melt. However, even crystallization of 50% of a
given volume of melt as eclogite (i.e., in
wt % proportions of omphacite to garnet

(-\ n o _ . wk-1

main-: A", the partition coefficient for the in ratios from 1:9 to 9:1), would result
clement between crystal and liquid. in only a twofold increase in the abunAa an example, the REE partition co- dance of the light REE in the melt.
efficients between olivine and melt range
from approximately 0.01 (Ce) to 0.02
Partial Melting
(Yb) (Philpotts, Sehnetzler, and Thomas,
L972). Thus by fractional crystallization Erupted basaltic lavas are probably
of olivine alone, an enrichment by a fac- derived from melts formed by partial
tor of 10 in the abundance of Ce in the melting in the upper mantle (e.g., Yoder
lual melt would require that more and Tilley, 1962). Two extreme situathan 90$ of the original volume of liquid tions have been considered by Presnall
solidify as olivine.
(1969). These are, respectively, equilibEclogite fractionation
is a potential brium partial fusion in which the melt
mechanism
by which the incompatible remains in equilibrium with the solid and
trace elements may be enriehed in a re- fractional fusion in which each increment
sidual melt 'O'Hara and Yoder, 1967;
O'Hara, 196*86). Calculated REE partition coefficients for garnet-silicate melt
pairs indicate that garnet fractionation

of melt produced is immediately isolated
from the parental solid. As pointed out
by Presnall (1969), in nature all gradations are possible between these extremes.
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The equations describing the distribution
of dispersed or trace elements such as the
REE during partial melting of a multiphase solid have been given by Shaw
(1970).
The equations relate the degree of enrichment (or depletion) of a given trace
element in the melt relative to the original concentration of the element in a
multiphase solid during anatexis. Parameters considered are the bulk or Nernst
distribution coefficient (D) between melt
and solid, the weight fraction of the melt
produced, and the relative proportions of
each solid component that enters the melt.
Variations between the extreme anatectic
situations described by Presnall (1969)
were considered by Shaw (1970).
Unfortunately, as previously mentioned, the values of the parameters required by equations of these forms are
not precisely known. Some comparisons
are possible, nevertheless, between the
behavior of the heavy and light REE
during partial melting processes. For example, in the case of the heavy REE, the
value of D for a garnet peridotite is
dominated by the partition coefficient
Kgntmeit, and calculations have been completed that suggest a value for D of
approximately 1.0. In fact, the presence
of garnet in the assemblage effectively
buffers the concentration of the heavy
REE in the melt and is insensitive, during the early stages of melting, to the
relative proportions of garnet, clinopyroxene, orthopyroxene, and olivine in the
solid.
In the case of the light REE, the value
of D is no longer dominated by a single
phase that preferentially incorporates the
light REE relative to a melt. Consequently the value of D is dependent upon
the exact proportions of phases present
in the solid and the precise values of the
partition coefficients for the given element between crystalline phase and melt.
The partition coefficients for the light
REE (Ce to Sm) between individual
phases of garnet peridotite and melt are

of the order 0.1 (clinopyroxenes) to 0.01
(olivine). Thus the light REE an; preferentially partitioned into the melt during anatexis of garnet peridotite, and the
degree of enrichment of the light REE
will be greatest in the early stages of
melting when the weight fraction of melt
is small (e.g., less than 10 wt %). The
degree of enrichment will decrease as the
weight fraction of melt increases.
In summary, the REE distribution
patterns to be expected as the result of
variable degrees of partial melting of a
garnet peridotite, provided no solid phase
is lost, should reveal a considerable variation in the abundance of the light REE,
whereas the abundance of the heavy
REE should remain relatively constant.
In contrast, the amount of variation of
the REE in residual melts to be expected
as the result of fractional crystallization
processes is essentially limited in extent
without considerable solidification. In
eclogite fractionation, unless the ratio of
omphacite to garnet in the crystal extract
is unique and unchanging during fractionation, either enrichment or depletion
in the abundance of the heavy REE may
result.
REE in the Grenada Samples
The major and trace element compositions of the Grenada basanitoids and alkali olivine basalts chosen for this study
are given in Table 85. The REE concentrations determined by isotope dilution (Shimizu, current Report of the Department ofTerrestrial Magnetism) , are
presented normalized to chondrites in
Fig. 211. The feature to note in this figure is that within the range of basaltic
compositions chosen for analysis, the enrichment of the light REE relative to
chondrites varies continuously up to a
factor of 5yo times, from 17 to 92. In
contrast, the enrichment of the heavy
REE (Dy to Yb) remains nearly constant at 8 to 12 times chondritic abundance. There is no detectable europium
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Fie. 211. Rare earth element concentrations in Grenada basanitoids and alkali olivine basalts
normalized to chondrites.
See Table 85 for sample descriptions.

anomaly. In general, the basanitoids are
enriched in the light REE and in incompatible trace elements such as Ba, Sr, and
Rb relative to the alkali basalts.
The first observation that may be
made of these REE distribution patterns
is I at the constancy, within experimental
determination, of the abundance of the
heavy REE implies that garnet was
involved in the pedogenesis of these basaltic melts. Several possible explanation- of these REE distribution patterns
will be examined. A. Partial melting of
different source materials may be involved. B. Selective wall-rock contamination of the melts may have occurred
en route to the surface. C. The basaltic

melts are related by some fractional crystallization mechanism involving separation of one or more phases. D. The melts
are indirectly related to each other as
representatives of variable degrees of
partial melting of some upper mantle
source material.
A. Partial melting of different source
materials. It was noted previously that
variation in the absolute abundance of
REE and proportions of phases present
in the residual solid can considerably
affect the degree of enrichment of the
light REE in the melt. It is possible that
melts can be separated from local, compositionally heterogeneous volumes in the
upper mantle. The scale of possible zon-
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ing of trace elements and modal composition of the upper mantle is unknown and
is dependent upon the evolution of the
local upper mantle in the region of anatexis. In addition, the scale of volumes of
upper mantle involved in partial melting
prior to separation of the melts is unknown. With regard to the Grenada
basanitoids and alkali basalts, however,
the restriction that all source materials
involved in partial melting contained garnet may be applied.
B. Wall-rock contamination. Within
garnet peridotite assemblages, some process of zone refining (Harris, 1957) or contamination through reequilibration of the
melts with the solid phases of the peridotite is likely to be indistinguishable as a
process from variable degrees of equilibrium partial melting of the same assemblages. The abundance of the heavy
REE in melts derived from or contaminated with garnet-absent assemblages
will no longer be buffered to the extent
discussed with reference to partial melting processes. Thus the relative constancy
of the heavy REE in the Grenada samples suggests that selective wall-rock contamination ofindividual melts with garnet-absent assemblages has not taken
place.
The last two possibilities, C and D, will
be discussed in more detail.
C. Fractional crystallization. The mineralogy of the Grenada basanitoids and
alkali olivine basalts consists predominantly of olivine, clinopyroxene, spinel
(Arculus, this Report) , and plagioclase
(Table 85) . Removal of these phases in
quantities sufficient to produce a sevenfold enrichment of the light REE in the
residual melt would affect the abundance
of the heavy REE to a similar extent.
This feature is not observed in Fig. 211.
It is most likely that at high pressure,
phases other than those observed were
stable in the melts, and that separation
of these phases could have produced the
REE distribution patterns. Phases stable
in melts of basaltic composition at pres-

sures of 20 to 35 kbar include garnet and
clinopyroxene (Yoder and Tilley, 1902;
Green and Ringwood, 1907a; O'Hara,
19686). Eclogite fractionation, depending
upon the exact proportion of omphacite
and garnet, as discussed previously, is a
potential mechanism by which the light
REE may be enriched in the residual
melt, without extensively modifying tho
abundance of the heavy REE. However,
a sevenfold enrichment of the light REE,
assuming the least-enriched basaltic melt
as a parental liquid, requires that more
than 80% of the original melt had solidified as eclogite. Those basanitoids most
enriched in the light REE (Table 85 and
Fig. 211) also contain the greatest
amount of normative clinopyroxene
component. It was shown previously
that omphacite must be present in greater
proportion than garnet in the crystal extract if eclogite fractionation is not to
affect the abundance of the heavy REE
in the residual melt. Thus it seems unlikely inGrenada that eclogite fractionation, with wt °/c porportions of omphacite
to garnet in ratios from approximately
3:1 to 10:1, would produce an enrichment
of normative clinopyroxene in a derivative magma.
D. Variable degrees of partial melting
of the same source material. If garnet is
always present in the residual solid, the
variation in abundance of the light REE
and the relative constancy of the heavy
REE may be explicable as the result of
variable degrees of partial melting of the
same garnet peridotite source material,
as discussed previously. The potential
source region of these island arc basaltic
magmas has to be defined, however, before further examination of partial melting processes.
Results of the location of earthquake
foci in the Lesser Antilles island arc
(Sigurdsson et a/., 1973) suggest that a
Benioff zone is present at a depth of 110—
120 km beneath Grenada. Evidence for
the presence of garnet in the source material of these lavas is given here. Rea-
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- ■ - for pn ferring an upper mantle peridotite source material have been stated
A- "cuius and Curran, 1972; Sigurdsson
et al.. 1973'. In brief, there is no experimental evidence that the partial melting
oi the supposed subducted lithospheric
slab, the upper layers oi which are presumed to be composed of amphibolite and
perhaps eclogite at 110-120 km depth,
gi ther with any subducted sediments,
could give rise to lavas of such silicaundersaturated characteristics. The initiation of melting in the upper mantle,
however, is apparently related to the
a DC( of the Benioff zone in island
s. Devolatilization of phases in the
subducted lithosphere (e.g., Boetteher,
1973) or disturbance of the thermal repine of the overlying mantle (Toksoz,
Minear, and Julian. 1971) are possible
causes. It seems likely that the upper
mantle source material of the Grenada
lavas is located above the Benioff zone at
approximately 100-110 km depth.
Experimental determination of the appropriate partition coefficients and knowl_ of the composition and proportion of
phases locally present in the upper mantle are required to ascertain if variable
es of partial melting of the same
garnet-peridotite source material are
capable of generating the entire range of
REE distribution patterns observed in
suite of Grenada basanitoids and
alkali olivine basalts.
In summary, the REE distribution pat- observed in this suite of Grenada
sanitoids and alkali olivine basalts
• be explained as the result primarily
ither <I)i variable degrees of partial
melting of a garnet-peridotite source material or (A) melting of heterogeneous
(modally and compositionally) garnetperidotite source materials. It is implied
that melts have been erupted on the surface of Grenada, in some cases without
extensive fractionation and reequilibration at lower pressures. It would appear
that the conditions for arrest, and fractionation ofthe basaltic melts (Arculus,
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1973 and in preparation) have been
variably present during the evolution of
the island as a whole.
RADIOMETRIC

GEOCHRONOLOGY

Alteration in Zircons with Discordant
U-Pb Aces
T. E. Krogh and G. L. Davis
The interpretation of discordant U-Pb
ages of zircons has been a perplexing
problem in geochronology for more than
two decades. The results from one area
may support a model for episodic lead
loss, whereas those from another support
a continuous diffusion model. Recent
studies of discordant zircons in this laboratory have produced startling results
that probably indicate a major cause of
zircon discordance. Polished grain
mounts of discordant zircons etched for a
fewr seconds by HF vapor display areas
of botryoidal alteration along fractures
and along grain boundaries as shown in
Fig. 212. These areas, which have the
appearance of hydration diffusion fronts
in volcanic glass, usually occur in uranium-rich grains or growth zones and are
associated with randomly oriented, minute crystallites, apparent on attacked
surfaces, that are suggestive of recrystallization or devitrification. It is proposed
that migration of lead and possibly uranium is enhanced during and perhaps
after botryoidal alteration. The rate of
lead loss at any time is controlled by the
rate of chemical attack, which may be
expected to vary with the degree of radiation damage, temperature, and the availability and composition of capillary
fluids. Variations of these parameters
with time would produce a variety of
lower intercepts for U-Pb data on a concordia diagram.
Zircons rarely have U-Pb ratios indicative of closed system behavior, even in
rocks where the other minerals have not
lost daughter products since their time of
formation. The U-Pb data for a suite of
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Fig. 212. Photomicrographs of polished sections of altered zircon crystals etched with HF vapor.
The field of view is 0.5 mm wide. Samples designated NO are not magnetic on a Frantz isodynamic separator; other samples (M) are magnetic at the angle of tilt indicated. (A) In sample
70-94 (M3°), alteration is restricted to an outer zone but is associated with fractures in the central
zone as well as the outer margin of the grain. Alteration occurs in regions that turn a uniform
brownish gray after 10 seconds in HF vapor, whereas unaltered regions are white or show iridescent growth zones in reflected light. (B) Zircon from the felsic norite of the Sudbury Irruptive
(M5°) with apparent crystallites visible in the unaltered regions, after a 30-second etch. (C) Zircon from the Sudbury micropegmatite (sample 73-8, M10°) with small islands of unaltered material. (D) Zircon from sample 70-128 (M3°) with alteration along numerous fractures.

oogenetic zircons define a line on the concordia diagram that intersects the curve
at two points (Wetherill, 1956). The
upper intersection is widely accepted as
the time of formation of the mineral, but
the geological significance of the lower
intercept and the mechanism of loss of
lead (or gain in uranium) remains controversial. Wetherill proposed that the
lower intercept indicated an episode of
lead loss, and Silver and Deutsch (1963)
obtained evidence to support this model.
Tilton (1960) noted that in most cases no
geological event has occurred at the time

indicated by the lower intercept and proposed a model of continuous lead loss
with a constant diffusion coefficient. Wasserburg (1963) extended this model and
showed that lead-loss trajectories only
slightly different from those predicted by
Tilton would result if the diffusion coefficient varied with the accumulated
radiation damage. As more measurements
were made, models to include lead loss by
both episodic and continuous diffusion
were invoked (Wetherill. 1963; Steiger
and Wasserburg, 1969; Allegre et a!..
1974) . Steiger and Wasserburg concluded
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from their data that the lower intercept
was meaningless and that lines on concordia may represent mixtures of highly
concordant and highly discordant phases,
In this regard, Gruenenfelder et al. (1966)
reported that xenotime is an oriented, unmixed phase in certain zircons and that
lead has been concentrated in this unmixed phase. They also reported that the
H20-OH ratio decreases with the amount
of lead loss — as though hydration of certain zircons has occurred.

entire history of many of the .samples,
This observation conflicts with the Continuous diffusion model for Pb loss. The
basis for this statement can be easily
seen on the concordia diagrams discussed
in the following sections of this Report.
For example, ages for the zircon grain
ends shown in Fig. 213 (previously described in Year Book 72, pp. 602-605)
are only slightly discordant, although
these zircons contain 1900 ppm U. Also
in Fig. 213 the least magnetic zircons
In contrast, Shukolyukov (1964) em- from sample 70-94 from a pegmatite pod
phasized that metamict zircons are cut in the paragneiss contain about 900 ppm
by microfractures, that each radiogenic U and are only 1% discordant. Two fraclead atom is situated in a damaged lat- tions of sample 71-36 (Fig. 216) are simitice site, and that migration of lead may larly concordant but contain 1100 and
be controlled by chemical reactions be- 1500 ppm U. Finally, several fractions
tween the zircon and the solutions filling of nonmagnetic zircon from Sudbury,
the microfractures. Goldich and Mudrey Ontario, were found to contain between
(1969) extended Shukolyukov's hypothe- 600 and 1000 ppm U, but as shown in Fig.
sis and proposed that such reactions may 214, they have U-Pb systems that are
be enhanced by the cracking of zircons essentially concordant, Apparently radiaand migration of pore solutions taking tion damage has not caused lead loss, as
place during uplift and erosion. In their would be expected from the continuous
recent paper Allegre et al. (1974), after diffusion models. These zircons differ
an extensive review of the literature, con- from the discordant zircons in the same
eluded that "in spite of all these efforts we rock by the absence or scarcity of botryare still left without answers concerning oidal alteration, described below,
the value of episodic or continuous lead- Most of the highly discordant zircons
loss models." The results presented here contain volumes of botryoidal alteration
that are extremely soluble in HF and
may aid in solving this dilemma.
localized
along
fractures
and
grain

s ' §•
Observations on Extremely Soluble ou
restricted to the most reactive zones or
Parts of Zircons
crystals, which when first etched, turn
The appearance of polished sections of a uniform brownish gray with no appardiscordant Precambrian zircons after a ent internal zoning (Fig. 212A I . In conHF vapor etch leads to several general- trast, zones that are slower to react, in
izations. Discordant zircons invariably which botryoidal alteration is rare, decontain material that is soluble in 1% velop iridescent colors and complex patHF. All the magnetic zircons tested ex- terns suggestive of crystallographic orihibit solubility in 1% HF, but not all entation and growth zoning. Further
soluble zircons are magnetic. Nonmag- etching reveals minute shapes suggestive
netic soluble Precambrian zircons contain of crystallites resulting from devitrificaat least 1000 ppm U, and their solu- tion, first in the most reactive zones and
bility is probably due to radiation dam- later in the iridescent zones. The least
age. One startling observation is appar- reactive zircons or zones are completely
ent: in spite of radiation damage, there unaffected by the HF vapor etch and conhas been little or no lead lost during the tain no botryoidal alteration. Tests to

564

C ARNEG1E

n8£2/qd902

INSTITUTION

GEOPHYSICAL

565

LABORATORY

determine whether the rate of attack by
HF vapor is related specifically to U
content (radiation damage) are in progress. The exact chemical change in the
zones of botryoidal alteration is not
known, although a slight decrease in both
Si and Zr observed by electron microprobe examination supports the assumption that hydration may be the major
chemical change (B. 0. Mysen, personal
communication). An x-ray photograph
of a single highly altered zircon grain
that had not been crushed did not show
diffraction from any other phase; however, the mosaic spread about the c axis
was indicative of semi-oriented crystallites (L. W. Finger, personal communication).
In one sample (70-94, shown in Fig.
212A) the altered zone was found to have
considerably more iron than the unaltered portions. If this relationship were
generally true, the correlation of increased discordance with an increase in
magnetic susceptibility noted by Silver
(1963) would be readily explained. Examples of discordant zircons with botryoidal alteration can be found in subsequent sections of this Report. For
example, sample 70-94, M3°, shown in
Fig. 213, has a discordant U-Pb system
and contains botryoidal alteration, as
shown in Fig. 212A. This type of alteration isvery common in the more magnetic
zircon fractions from the Sudbury norite
(Fig. 212B), and as expected, the U-Pb
ages are discordant. Zircons from the
Sudbury granophyre (Fig. 212C) are extremely altered and have highly discordant U-Pb ages (Fig. 214). Finally, the
magnetic zircons from sample 70-128 described below yield discordant U-Pb ages
(Fig. 216) and show an extreme development of botryoidal alteration (Fig.
212D). The discordant zircons described
here all have more uranium than the
more concordant zircons from the same
rock ; as noted earlier, however, radiation
damage in itself does not necessarily produce discordance. The results presented

here strongly imply that discordance is
correlated with the occurrence of botryoidal alteration.
Discus don
These observations indicate that chemical reaction is a contributing factor, and
perhaps the controlling factor, in the discordance ofU-Pb systems. It is proposed
that migration of lead and uranium takes
place during and perhaps after the formation of the botryoidal alteration. The
rate of chemical attack and consequently
the rate of lead loss at any time would
depend on the degree of radiation damage, the temperature, and the availability
and chemical species of capillary fluids.
This model for lead loss associated with
alteration implies a low activation energy
for lead diffusion, as noted by Tilton
(1960). Although qualitative, it is compatible with virtually all the observations and suggestions of earlier investigators. Devitrification after the development of the metamict state may also
contribute to lead loss.
If significant lead loss occurs during or
after chemical alteration, the model for
continuous loss by volume diffusion would
not be applicable. Similarly, models invoking multiple stages of episodic volume diffusion will be inapplicable because
the degree of lead loss at high temperatures, with a high activation energy.
wTould not in general be correlated with
the degree of lead loss at low temperatures, with a low activation energy.
Differential Dissolution of Metamict
and Altered Zircon
It was noted above that zones of botryoidal alteration, as well as the surrounding matrix and metamict zircons without
alteration, are dissolved in a few minutes
in 1% HF, whereas unaltered, less metamict zircons are extremely insoluble. The
difference in solubility suggests that it
might be possible to produce a concordant fraction by differential dissolution.
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provided that differential leaching of U
and Pb in the residual fraction does not
occur.
A zircon population from the Dufault
granodiorite in the Noranda area of Quebec, which was found to be very resistant
to HF attack on a polished section but
gave discordant U-Pb ages (sample V346
starting material, Fig. 213), was chosen
for the test. Data points for two magnetic
fractions from this rock as well as points
for a similar granite body in the same
area were known to lie on a line intersecting concordia at 992 and 2709 m.y.*
The lower intercept at 992 m.y. is critical
for such testing because laboratory leaching of uranium or lead would displace the
point toward the origin on the concordia
diagram, but removal of discordant parts
would displace the data along a line
through the 992 m.y. intercept toward
2709 m.y.
The test sample, taken from the remainder ofthe previously analyzed sample, was washed in 50% HF in an ultrasonic bath, without crushing, for 1 hour
and then rinsed in nitric acid, Avater. and
acetone. The U-Pb analysis of the residue produced the data point designated
V346 on Fig. 213, which is only 1% discordant. The position of the data point
indicates that the more discordant parts
of this population were removed without
differential leaching of U or Pb from the
crystalline residue. The data point was
translated along the 992-2709 m.y. chord
and is now located only 3 m.y. above this
line. Thus it appears that HF removed
the damaged or altered discordant parts
of this zircon population. Nitric acid,
commonly used to wash zircons prior to
analysis, does not remove this material.
A second test was carried out on a
zircon known to have uranium-rich. HFsoluble overgrowths, formed 1000 m.y.
ago on much older cores (sample 66-88.
Fig. 213, and Year Book 72, pp. 602-605).
* All the U-Pb ages in this report were computed with the decay constants listed in Table
86.
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In this zircon, the overgrowths have no
visible alteration or crystallites, and their
extreme solubility is probably due to
radiation damage. The age difference between core and overgrowth helps to identify which component is being dissolved.
If the overgrowths can be removed, a
direct age determination of the cores will
be possible. After crushing to facilitate
attack along the core-overgrowth boundary, the sample was washed in cold \c/c
HF for 30 minutes and rinsed in warm
HXO3, water, and acetone. The analysis
of the residue (66-88 residue. Fig. 213 1
revealed that much of the overgrowth had
dissolved, so that a minimum age of 1680
m.y. for the cores was established. The
concentration of uranium in the overgrowths and residue is 1900 and 200 ppm,
respectively. Common lead was removed
during the acid leaching so that the total
amount of common lead present in the
analysis for lead isotopic composition
was 0.3 ng. This amount, which includes
lead from both the sample and chemical
processing, is in the range 0.3 to 0.5 ng,
commonly found in the routine analysis
of small samples in this laboratory.
The minimum age of 1682 m.y. for the
zircon cores proves that much of the
radiogenic lead present did not diffuse
from these crystals during regional metamorphism to the amphibolite fades 1000
m.y. ago.
The Age of the Sudbury Nickel
Irruptive
T. E. Krogh and G. L. Davis

Earlier attempts to measure the age of
the Sudbury Xickel Irruptive have produced a variety of ages for different parts
of what appears to be a single mass. Fairbairn et al. (1968) reported a Rb-Sr
whole-rock age for samples of granophyre
and norite of 1704 ± 19 m.y.: and a
similar age, 1680 m.y.. was recently obtained for the granophyre by W. Gibbins
and R. H. McNutt (personal communication). By contrast the latter authors ob-
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bained Rb-Sr whole-rock ages of 1956 ±
i.y. and 2015 ± 64 m.y. for different
suites of DOrite samples, whereas Hurst
and Wetherill (1974) reported a Rb-Sr
de-rock age of 1785 ± 126 m.y. for
one suite of samples of felsic norite. It
should be noted that the norite has low
-Sr ratio-. SO that very precise mass
:netry is required to measure the
variations in x7Sr s';Sr. The method is
also very sensitive to differences in the
value of this ratio at the time of intrusion.
Zircon ages determined in this study
for these rocks are more reliable because
the lead is virtually all radiogenic and
-use many of the zircons have lost
very little lead since their time of formation. Zircon results reported by Souch
etal. < 1969 » indicated different apparent
_ - for different parts of the intrusion;
r, their results are difficult to
interpret because of a high level of common lead in their analyses.
use of the conflicting ages already
rted, U-Pb ages were measured for
three separate phases of the norite as well
as the micropegmatite. One of these, the
black norite. is the least altered material
in the southern part of the intrusion
(south range). The felsic norite sample
is from the main norite intrusion in the
north range. A third sample was obtained from the mafic norite that occurs
below the felsic norite. The norite sam3, weighing between 30 and 50 kg, were
1 by the International Nickel
Company of Canada. The micropegmanple was collected approximately
300 meters south of the contact with the
c DOrite in the north range. A detailed description of the geological setting
and 'he petrology of these rocks is given
by Naldretl et al. (1970).
Approximately 100 mg of zircon was
obtained from each sample of norite.
. zircon population is made up of
different proportions of three types of
grain-: (1) transparent, well-faceted,
doubly terminated, brown to colorless
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crystals; (2) sugary, turbid, brown grains
with clear overgrowths; and (3) flat
plates of zircon with numerous parallel
trains of inclusions. The zircons obtained
from the micropegmatite are extremely
metamict, with a resinous luster and
pitted surfaces, and tend to occur as fragments. They range from transparent
brown or colorless to turbid white or
brown. Nonmagnetic zircons were obtained from each of the norites sampled,
but all the zircons from the micropegmatite were magnetic. In each rock the
magnetic zircons show abundant botryoidal alteration (see Krogh and Davis,
previous section).
The results of the isotopic analyses,
shown in Fig. 214 and Table 86, indicate
that all three norite phases lie within ±2
m.y. of an age line for 1844 m.y. (The
departure from this line of the data for
the magnetic zircons from the black
norite is outside analytical uncertainty,
and these data are excluded from this
discussion.) Examination of the data
about the age line indicates that there is
no correlation of age with the size, habit,
magnetic susceptibility, or type of host
rock sampled. The samples on the age
line include (1) both the clear, doubly
terminated crystals and a bulk sample
containing various types of nonmagnetic
zircons from the black norite; (2) large
and small, well-faceted, nonmagnetic
crystals, as well as selected, well-faceted
magnetic crystals from the felsic norite;
and (3) a bulk sample containing various
types of nonmagnetic grains, as well as
selected, well-faceted magnetic zircons
from the mafic norite sublayer. The zircons contain sufficient radiogenic lead
(200 to 900 ppm) for a precise age determination on a few tenths of a milligram
of sample. The samples of selected grains
weighed 0.2 to 0.7 mg and the measured
206Pb/204pb range(] from 1207 to 14,209

(Table 86).

Highly concordant U-Pb ages of zircons, like those for the Sudbury norite,
are inherently more precise than ages
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determined by other methods. The concordance reduces the correction for lead
loss to less than 2 m.y. and demonstrates
that only one stage of zircon growth has
occurred. Because the geological uncertainties are small, the error in age is determined byuncertainties in the measurements and the assumptions in the calculations. Duplicate analyses of six
powdered zircon samples in this laboratory have indicated a standard deviation
(2 a) of less than 1 m.y. for the 207Pb/
206Pb ages (Krogh, Year Book 70, pp.
259—266) . The Sudbury zircon analyses
have a less favorable sample-to-background ratio, and hence there is a larger
uncertainty in that age of about 2 m.y.
Replicate analyses of the Equal Atom
Lead Isotopic Standard (NBS 982) prepared by the National Bureau of Standards indicate a deviation of 0.08% from
the absolute value and a 2 o- standard deviation for an individual analysis of
0.07% (primarily due to fractionation).
Application of this correction would increase the age of the Sudbury zircons by
1.6 m.y. The observed variation in the
values of the standard run under different
loading and ionization conditions would
correspond to an uncertainty in the age
of 1.4 m.y. The measured value for
207Pb/206Pb is determined in every case
to better than 0.05% on the automated
mass spectrometers at the Department of
Terrestrial Magnetism. The ratio of the
uranium to lead in the sample is accurate
to within 0.5%, corresponding to an error
of less than 2 m.y. in age. The isotopic
composition of lead used in correcting for
natural or laboratory contamination affects the age by less than 0.6 m.y. A leastsquares fit to the data in Fig. 214 is justified because the main sources of error are
probably random. These are measurement errors and variations in the degree
of fractionation in 207Pb/206 Pb and uncertainties inthe measured 206Pb/204Pb.
Insofar as there are no other known
sources of geological or analytical uncertainty, this age 1844 ± 3 m.y., relates

specifically to the time of crystallization
of the intrusion. The decay constants on
which the age is based are given in Table
86.
Zircons obtained from the micropegmatite (granophyre) are not .suitable for
precise U-Pb isotopic dating. They contain 3000 to 5000 ppm uranium, are extremely altered, and yield discordant UPb ages. The data do not define a line on
concordia (Fig. 214, samples 73-8, M4,
M6, M10, M12.) The possibility that acid
washing of these altered zircons prior to
analysis has removed radiogenic lead is
under investigation. Two of the four
data points lie on a line that projects to
1854 m.y., close to the age of the norite,
but the other two points are well below
this line. Thus the granophyre may have
formed 1700 m.y. ago, as indicated by the
previously mentioned Rb-Sr whole-rock
determinations, or at the same time as
the norite, about 1844 m.y. ago.
Orogenic Structural and Metamorphic
Overprints : Archean Intrusive and
Metamorphic Rocks Within a
Region of 1000 m.y. Deformation
AND

MlGMATIZATION

T. E. Krogh and G.L.Davis

Most if not all orogenic belts include
some rocks formed during earlier cycles.
The identification of such remnants, their
relative abundance, and the nature and
time of their deformation play an important role in defining the characteristics of
crustal interactions at different times in
the history of the earth. If these regions
are bounded and dissected by faults, as
many of them are, or if they are composed of high-grade metamorphic rocks,
the sequence of plutonic and structural
events can be established only by detailed
geochronological investigations. It is critical, however, to know which isotopic
systems will withstand the effects of
metamorphism and give primary ages
and which systems will accurately record
the time of metamorphism.
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Fig. 215. Sample locations in the Grenville province of the Canadian shield. Rocks at locations
1 to 4 are about 2600 m.y. old. Metamorphic zircons about 1000 m.y. old occur at locations 4 and 5.

The Grenville province of the Canadian shield provides an almost unique region for testing isotopic dating systems,
us< i ssentially the entire region was
:ted by an amphibolite facies metamorphism about 1000 m.y. ago, and the
rocks affected have primary ages of about
2600, 1800 and 1500 m.y. {Year Book 70,
pp. 239-240). In the French River area
Ontario t}k- last metamorphism caused
migration of lib and Sr, resulted in the
of zircons in the gneisses, and
promoted the crystallization of now zircons in small pegmatite pods formed durum n crystallization and plastic deformationYear
I
Book 72, pp. 601, 610). New
es are presented here on metamorphic zircons from an area in the Grenville situated 1100 km northeast of the
French River area, as well as new ages
that expand the areal extent of known

Archean intrusive and metamorphic rocks
within the Grenville. The results clarify
and extend the model of the Grenville
Front as an ancient plate boundary (presented in Year Book 70, pp. 239-240).
Several new occurrences of Archean
rocks were discovered within the zone
of Grenville metamorphism and deformation, as shown in Fig. 215 (localities 1 to
4). The rock dated at locality 1 (5.6 km
southeast of the Front) is a conformable
lens of white pegmatite about 1 meter
wide that is cataclastically deformed.
The lens and associated cross-cutting
dikes a few centimeters thick postdate
the intense metamorphism recorded in
their host rock. An age of 2600 m.y. for
zircons in the pegmatite indicates that
the metamorphism is Archean (samples
70-128, Fig. 216). A more dramatic occurrence of Archean metamorphism in
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the Grenville province is found at locality
2. about 40 km southeast of the Front.
Sere, an irregular metamorphic pegmatite pod about 1 motor across in a biotitemuscovite-garnet gneiss contains large
zircons (+70 mesh) that formed about
2600 my. ago (samples 70-54. Fig. 216).
Farther east, at locality 3, two samples of
gray foliated orthogneiss yield zircons
that also give a U-Pb age of about 2600
m.y. (samples 70-36 and 70-42). These
rocks could be slightly older if the
younger metamorphism has caused new
zircon growth or lead loss, but the close
grouping of age values around 2600 m.y.
suggests that most of these rocks formed
at this time. A single zircon sample from
locality 4. near Gagnon, Quebec, showed
a minimum age of 2560 m.y. and a probable age of about 2600 m.y. The sample
fine-grained gray gneiss from a site
approximately 75 km southeast of the
I rn Dville Front in an area identified by
Clarke 1 1968) as relic Archean basement.
According to Clarke, the rock was converted from the granulite facies to the
amphibolite facies during the Grenville
bamorphism and deformation. The
l- particularly important for isotopic
studies, not only because of this superimposed metamorphism but also because
of the nearby occurrence of metasedimentary formations associated with the Labor iron formation, which record the
etamorphic grade and regional defortion affecting the basement
as described below.
The open pit of the Lac Jeannine iron
mine, situated several kilometers south of
tioi 1. provides unique exposures of
high-grade gneiss that, was folded along
a northwest-trending axis. One gray
gneiss horizon contains pods of coarse
gioclase, quartz, and biotite 10 to 20
- thai contain large metamorphic zircons suitable for dating the
time of metamorphism and folding. The
zircons have clear rims on cracked turbid
cores, both of which have been analyzed.
The- results obtained, designated 71-36 on
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Fig. 216, are remarkably similar to those
obtained for the zircons of sample 70-94
from a boudin structure in the French
River area (Fig. 215, locality 5), also
shown in Fig. 216 and described in Year
Hook 71 (pp. 564-571). The clear zircons
in both rocks are about 1% discordant
and have projected ages of 991 and 998
m.y., respectively. Both are from amphibolite facies gneisses deformed along
a northwest-trending axis, and both were
emplaced into small, locally dilatant volumes during metamorphism. The French
River location is about 45 km south of
the Front, and the Lac Jeannine location
is about 80 km south of the Front, but
they are separated by approximately
1100 km.
The discovery of an Archean metamorphic pegmatite within the Grenville
demonstrates that large zircons derived
from their immediate environment during
metamorphism can retain their age during a subsequent metamorphism. It would
appear that essentially all the zirconium
available was consumed to form the
original grains and that lead loss by volume diffusion was limited because of the
large size of the (annealed) grains.
As indicated in Fig. 215, the maximum
southern extent of known Archean basement increases to the east along the
Grenville Front. In general, these localities occur within a distinctive broad,
weakly magnetic zone, apparent on the
magnetic map of Canada (1967). Perhaps the southern edge of this anomaly
coincides with the southern limit of
Archean rocks within the area of the
Grenville orogenic overprint.
The U-Pb ages of large zircons in
boudinage structures in the French River
area and at the Lac Jeannine Mine (991
and 998 m.y.) are both remarkably close
to the 1006 m.y. age obtained by Silver
and Lumbers (1966) for the pegmatites in
the Bancroft area of Ontario (Fig. 215,
locality 6). Coincidence of ages in such a
complicated region may indicate insufficient, testing, but the remarkable geo-
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graphical continuity of the Orenville
Front and the uniformity of mineral ages
in the Grenville province would support
the conclusion that coeval deformation
and metamorphism did indeed occur over
a wide area.
In the northern locations this metamorphism affected rocks formed during
earlier orogenies about 2600 and 1800
m.y. ago, whereas in the south the rocks
affected were deposited about 1300 to
1100 m.y. ago. Apparently rocks in the
north were deformed along northwestand northeast-trending axes at abou£ the
same time that the rocks in southern
Ontario were deformed along northeasttrending axes.
A plate tectonic model in which basement rocks were being transported toward an Archean craton 1000 m.y. ago is
suggested. Different rates of advance,
laterally and perhaps vertically, could
produce zones of extreme lineation and
apparent northwest-trending folds near
the Front. Shortening of the basement
due to compression could produce a
northeast-trending fold pattern in the
supercrustal rocks of the Grenville series.
The new age results indicate that Archean
basement is more extensive in the northern part of the Grenville province and
that the 1000 m.y. metamorphism was
more intense and widespread than previously suspected.
Two Episodes of Metamorphism and
Deformation in the Archean Rocks
of the Canadian Shield
T. E. Krogh, I. F. Ermanovics,*
and G. L. Davis

Whether or not Archean volcanic rocks
were deposited on preexisting sialic crust
remains an important unresolved issue.
Field relationships are sufficiently complex that unequivocal solutions cannot be
obtained in most areas, and isotopic dating techniques that can penetrate the
* Geological Survey of Canada.

573

Fig. 217. Sample locations in the Canadian
shield east of Lake Winnipeg. Roman numerals
refer to structural domains: I, greenstones; II.
intermediate mobile zone; III, uplifted sialic
nucleus. Line AB marks an apparent seismic
discontinuity. (After Ermanovics, 1971.)

overprint of postdepositional metamorphism have not been applied. The present investigation deals with an area of
the Canadian shield east of Lake Winnipeg, mapped by Ermanovics (1971), in
which the regional disposition of granites,
gneisses, and migmatites suggests two
distinct episodes of metamorphism and
deformation. Zircon-dating methods have
been used to test this interpretation in the
hope that the results would extend knowledge of tectonic and plutonic regimes in
some of the oldest rocks known in the
Canadian shield.
On the basis of structure and lithology.
the area has been divided into three domains. The oldest domain (Fig. 217.
domain III), regarded as a sialic nucleus,
is composed of equal proportions of
northwest-trending gneisses and gneissic
to massive rocks that vary in composition
from granodiorite to quartz monzonite.
To the south, these rocks have been deformed along an east-west trending axis
and invaded by diapiric plutons (domain
II) . This region is considered to repre-
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sent the hybridized zone underlying the
supercrustal greenstones and metasediments of domain I.
The age determinations tend to fall
into two groups and to support the concept that two distinct orogenies are represented in the area. One age group is represented bythe following zircon samples :
those from a high-level acid intrusion
from the eastward extension of domain I
have an age of 2761 ± 10 m.y. (Fig. 218,
samples 70-157), those from a diapiric
pluton in domain II have a slightly
younger age of 2737 ± 10 m.y. (samples
72-46). Also in domain II, a late granite
dike that postdates the deformation of
the northwest-trending gneisses has an
age of about 2715 m.y., and an orthogneiss from south of Black Island has an
age of about 2690 m.y. (samples 72-37
and 72-4). .
The other age group is represented by
zircons from the northwest-trending
gneisses. Samples 72-37 and 72-4, collected 16 and 25 km north of Black

In the Abitibi greenstone belt and its
westward extension, volcanic rocks dated
are about 70 m.y. older than the Large
synorogenic batholiths (Year Book 70.
pp. 241-242; Steiger and Wasserburg,
1969). A similar difference between the
time of volcanism and emplacement of
granites and orthogneisses is apparent in
this study, but the ages of both rock types
exceed those determined in the Abitibi
volcanic rocks by about 50 m.y. These
data support the hypothesis advanced in
Year Book 70 (pp. 241-242) that the
parallel belts of volcanic and plutonic
rocks represent extensive additions to the
sialic crust that were emplaced in sequence from north to south between 2900
and 2650 m.y. ago. Results of this study
indicate that rocks formed during more
than one orogenic cycle occur in at least
one area of the Superior province.

Island, respectively, have U-Pb ages of
about 2900 m.y. The oldest rock in the
area, a meta quartz diorite 3000 ± 10
m.y. old, occurs along a projection of the
northwest-trending gneisses immediately south of Black Island (samples 7240).
The possibility that the entire area of
northwest-trending rocks of domain III
was emplaced at least 2900 m.y. ago remains to be tested, but a previous age
determination of about 2900 m.y. for a
gneissic trondhjemite collected 240 km to
the northwest would support this
conclusion (Year Book 70, pp. 241-242).
Aeromagnetic and seismic data both
show an apparent discontinuity in the
vicinity of the boundary between domains II and III (Fig. 217, line AB;
Ermanovics, 1971). Age data presented
here suggest that this may be an age
province boundary and that domain II
south of this line is composed of rocks
formed both during the first orogeny, at
least 2900 m.y. ago, and during the second orogeny, 2760 to 2690 m.y. ago.

T. E. Krogh, B. O. My sen* and G. L. Davis

A Paleozoic Age for the Primary
Minerals of a Norwegian Eclogite

The largest eclogite body in the world.
a sheet-like mass with an area of approximatelykm2,
4
outcrops on the island
of Hareidland in southwestern Norway,
and is conformably interlayered with a
series of gneisses. The petrogenesis of the
eclogite and the gneisses is described by
Mysen and Heier (1972) . Critical to this
investigation is the occurrence of small
rounded zircons within the eclogite. These
zircons have inclusions of omphacite ( Jd
= 35-40), rutile, and quartz but do not
contain the secondary minerals common
in the eclogite. It is probable therefore
that the zircons crystallized with the primary minerals in the eclogite and that
the U-Pb isotopic age of the zircons indicates the time of the eclogite metamorphism of these rocks.
* Work carried out under a cooperative predoctoral fellowship program between the Geophysical Laboratory and The Pennsylvania
State University.
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The probable time oi formation for
the zircons is 401 ± 20 ni.y. given by

sults for minerals from an eclogite to
indicate a time of formation of at least

- • Pb 2S8U
oi
the
largest
sample.
. I loss from these low-uranium
zircons (50 ppm U) is considered
unlikely. The maximum age. 000 ± 100

1800 m.y. ago and a time of minor metamorphism of400 m.y. ago. On the other
hand. Hemes (1965, 1967) and others
place the time of major metamorphism at
about 400 m.y. ago, on the basis of field
relationships. The discovery of 400 m.y.
old zircons in the eclogite strongly suggests that the eclogite metamorphism occurred at this time and not 1700 m.y. or
1800 m.y. ago.

m.y.. aindicated
by -°~Pb
208Pb suggests
that
small amount
oi inherited
zircon
may be present. The large uncertainty in
the older age206results from the difficulty of
30%)
-Pb 204Pb ( 1470 ± 309
on the small amount oi radiogenic lead
in th.e sample. Only 12 ng and 2 ng of
radiogenic lead were present in the two
zircon fractions analyzed, whereas 20-200
ng is usually required for a precise determination. The smaller sample, which has
a relatively Large correction for lead contamination, has a similar 20C,Pb/238U age
i418 m.y. i.
The major metamorphism of gneisses
in southwestern Norway has been assigned an age of about 1700 m.y. by
Pidgeon and Raheim (1972) and Mysen
and Heier il972i on the basis of wholerock Rb-Sr i>ochrons. McDougall and
n (19b4i interpreted their K-Ar re-

To resolve this conflict, zircons formed
during metamorphism in other eclogites
and in the surrounding gneisses will have
to be analyzed, and the possibility that
the whole-rock Rb-Sr results indicate a
primary age or the time of an earlier
metamorphism will have to be reconsidered. The lack of agreement with the
K-Ar results may indicate that there
were unusually large amounts of excess
argon or that eclogites have formed at
more than one time in southwestern Norway. Only after these differences are
resolved can the complex geological history of this region be established.

BIOGEOCHEMISTRY
Amino Acid Dating of Bone —
The Influence of Water
P. /•;. Hare
I'
I'.

r!i<- twenty

year.-

since

Abelson

Book 53, p. 97) reported the presof amino acids in fossil shells, bones,
and teeth, a number of studies both at
Laboratory and elsewhere have confirmed and extended
his observations.
Work here (Hare and Mitterer, Year
B
67, p. 205) has shown thai it is
possibli to simulate the changes observed
in the amino acids of fossil .-hells over
_ periods of time by heating Recent
materia] in the presence of water. Dry
samples showed little or no racemization
(change from L-amino acids to a mixture
of n- and L-amino acids) and few other
nges. The middle shell layer of Mer-

cenaria approximated a closed system
and lost relatively little material in
leaching experiments with water.
On the other hand, when bone is heated
in water most of its organic matrix is lost
in a relatively short time. Recent publications (Bada, 1972; Bada, Kvenvolden, and Peterson, 1973; Bada et al.,
1974) have suggested that racemization
of amino acids in bones can be used as a
dating method similar to that proposed
earlier (Year Book 67, p. 205; Hare,
1969) for shell material. The effects of
variable amounts of water in amino acid
racemization and leaching in bone have
not been considered in the model used by
Bada and colleagues in using racemization rates to date bones.
This report presents data showing the
importance of water in the diagenesis of
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amino acids in bone and indicates that
the apparent racemization rates of the
amino acids in bone are a function of the
amount of water available. Water is
necessary for the hydrolysis of the
peptide-bound amino acids and for racemization. The indigenous water in bone
is often sufficient for these reactions to
take place. If excess liquid water is present, substantial leaching, in addition to
hydrolysis and racemization of the amino
acids, takes place.
Fresh bone contains variable amounts
of indigenous water, averaging less than
10% but ranging from 5.9% to 59%
(Long, 1961, pp. 715, 716). Samples of
fresh bovine bone used in the experiments described in this report contained
between 7% and 8% water, and 100 g of
bone contained approximately 0.4 mole of
water and 0.2 mole of amino acids.
In fresh bone the amino acids are entirely inpeptide linkage in a protein matrix.
The amino acids in peptide linkage are
stable to racemization if water is absent.
This stability is shown in the data in
Table 87, column A, on bone chips dried

No free amino acids were found, indicating that no hydrolysis of peptide bonds
had taken place. Experience with mollusk
shells (Year Book 67, p. 205) indicated
that nearly complete racemization occurs
for all the amino acids if the shells are
heated with excess water for this combination of time and temperature. The
results from the dried bone show essentially no racemization and a D-alloisoleucine to L-isoleucine ratio of only 0.02.
In contrast, bone samples that have
not been dried to remove their water or
have been heated with water vapor i but
no excess liquid water for leaching) show
almost complete racemization (column
B ) . These bone samples approximate a
closed system in which essentially all the
original protein material is retained
within the bone but is extensively altered
by reaction with water. Racemization
reactions in this closed system follow a
rate law for first-order reversible reactions as found for certain mollusk shells
(Year Book 67, p. 208).
For a first-order
reaction.
A -»irreversible
£,

at 110°C to remove most of the indigenous water, then sealed in tubes under
nitrogen and heated for 3 days at 157°C.

an equation relating concentration

and

TABLE

87. Effects of Water on Leaching and on the Racemization of L-Isoleucine in Bone
Samples Heated in Various Amounts of Water for 3 Days at 157 °C
Bone
Samples Heated 3 Days
A
D
E
C
°C
Initially
157
at
Dried
HoO
HoO
HoO
HoO
H20 vapor
(l:l)t
(100:1)}
(10:l)t
at 110°C,
(>1000:1)J
no liquid
no HoO
0.04
4
4
0.12
0.7
0.6
Nitrogen, wt %
Bone:
D-Alloisoleucine/
1.08
0.45
0.19
0.69*
0.21
L-Isoleucine
0.02
B
Leach:
D-Alloisoleucine/
1.1
1.3
n.d.
L-Isoleucine
0.07
*H20 vapor was maintained with
tube so that water vapor had ready
tWater was changed periodically
weight of bone sample.
} Ratio of weight of H»0 added to

bone chips and water in separate tubes sealed within a common
access to sample.
so that total water was equivalent to more than 1000 times the
weight of bone chips.

F|
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Fig. 219. Racemization of L-isoleucine with water vapor and with leaching.

time at a given temperature can be derived in the following form
x)
= -kt,
(1)
In
where a is the original amount of A; x is
the amount reacted in time, t; and h is
the reaction rate constant. The time for
1 - of the reaction can be defined when
- x) a — l/e, In l/e = — 1, and
ti,e ~ L.

(2)

/.I

hi

a first-order reversible reaction,

A^±B,
an analogous equation can be derived
Hammett, 1940. p. 102, for derivatioi.

A i,

, (Xb v
— X)

-(fci + fc2)^

(3)

where X/: is the equilibrium amount of
By X is the amount of A reacted (or B
formed i. and k: and k2 arc the roactionrate constants for the forward and rese reactions.

Racemization reactions in a closed system in which the initial isomer is l and
the final equilibrium state is a mixture of
d and l isomers follow this rate equation.
A time for l/e of the reaction to equilibrium can be defined when (XE — X) /
XE = l/e:

U

1

fci + k2

(4)

A plot of log(X^ — X)/XE for isoleucine ^± alloisoleucine against time is
shown in the lower curve of Fig. 219 for
bone samples heated in water vapor
alone. The/e data do indeed follow the
kinetics of first-order reversible reactions. The ti/e time for the reaction at
157°C is about 27 hours, in agreement
with the curve of Bada (1972), which
extrapolates to about 20-25 hours for a
temperature of 157°C. Bada's samples
were heated with only the indigenous
water in the bone. Consequently there
was little or no loss of organic components because no liquid water was present
to leach these materials out of the system. In the current experiments with
samples heated in water vapor alone,
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nitrogen analyses confirmed that there
was little or no loss of nitrogen after 3
days of heating at 157°C (Table 87).
In most geological environments, however, water is present in excess, including
liquid water that may leach out soluble
components. To simulate this possible
effect, samples were placed in various
amounts of water and heated for 3 days
at a temperature of 157°C. The results
were dramatic. In Table 87, column C,
it can be seen that when the weight ratio
of water to bone was 1:1, the ratio of dalloisoleucine to L-isoleucine in the bone
dropped from over 1 (in water vapor
alone) to 0.69. As the ratio of water to
bone was increased to 10:1, the ratio of
D-alloisoleucine to L-isoleucine dropped to
0.45, and at 100:1 it was only 0.21. In
another experiment, column F, in which
the water was changed periodically during the 3 days of heating to provide fresh
water for leaching, the ratio of D-alloisoleucine to L-isoleucine is 0.19, just slightly
lower than that of the sample with the
100: 1 ratio. Any value of D-alloisoleucine
to L-isoleucine from near 0 to over 1 can
be obtained under the same temperaturetime conditions, depending on whether
water is present and on the amount of
excess water present for leaching. In the
absence of water there is little or no racemization of any of the amino acids.
It is clear from the ratios of D-alloisoleucine to L-isoleucine in the leaches that
the amino acids leached out are more
racemized than those left behind. In the
limiting experiment in which the water
was changed periodically, the remaining
amino acid material shows an extremely
slow rate of racemization with t1/e nearly
an order of magnitude longer (250 hours)
(upper curve in Fig. 219) than in the
experiment where no leaching occurred
(27 hours).
Nitrogen analyses of fossil bones from
nearly all geological environments show
that substantial losses of organic material
have occurred, probably by leaching with
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periodic rain water and with groundwater. Obviously this leaching is an additional variable to time and temperature
that will affect the apparent rates of racemization within a sample. Diffusion of
water into and diffusion of organic material out of a sample will be a function of
the size of the sample and will depend on
the relative position of the sample fragment analyzed. With the sensitivity
available for amino acid analysis it is
possible to obtain several samples from
various relative positions and determine
the concentration differences as well as
differences in racemization from the outer
to the inner part of a bone specimen. Preliminary data indicate that in one fossil
bone specimen, samples less than 0.5 cm
apart showed substantial differences in
the levels of amino acids recovered. The
outermost sample, subjected to greater
leaching, had less than one third the concentration of amino acids found in the
innermost sample.
The results of the water-leaching experiments help explain a number of observations reported in the literature
(Wyckoff, 1972). The amino acid compositions reported for many fossil bones
are completely unlike that of Recent
bone. The protein collagen makes up over
90% of the organic matrix of fresh bone
and is nearly one third glycine. Collagen
from fresh bone also contains two rare
amino acids, hydroxyproline and hydroxy lysine, not found in most proteins.
Collagens from bones of various species
of vertebrates have similar amino acid
compositions (Fig. 220) , all characterized
by the nearly uniform glycine concentration of almost 33 mole cc . In many
fossil specimens, however, the glycine
content has dropped to 15 mole r'c or even
less, and hydroxyproline and hydroxylysine are absent from most fossils when
the glycine level is this low. Some workers (Wyckoff, 1972) have suggested that
this protein residue with low glycine concentration ischaracteristic of bacteria-
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due amounted to just 10 ju,mole/g compared with the nearly 2000 /miole/g originally present. This residue appears to be
a highly resistant proteinaceous material
originally present as a separate component in too small a concentration, compared with the collagen, to be observed
in the amino acid pattern. Leaching,
however, has selectively removed the collagen and revealed its presence. Racemization apparently proceeds at a greatly
reduced rate in this fraction, as shown in
Fig. 219.
The leaching experiments with lower
ratios of water to bone yield residues that

like proteins and may represent contamination from the environment. The leaching data reported here suggest that this
may not be the ease.
The composition oi the Leached bone
samples changes significantly from the
ginal collagen composition (Fig. 220).
The glycine concentration decreases, and
wproline and hydroxylysine virtually disappear with continued Leaching.
amino acid composition of the residue left after the extensive leaching extents resembles that found in many
fossil samples. After 28 hours of continued Leaching, the proteinaceous resi-
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have amino acid compositions intermediate between collagen and the resistant
second proteinaceous component (Fig.
219) . Collagen appears to be leached out
of the bone into the water surrounding
it until a steady state is reached when the
rate of diffusion out of the bone equals
the rate of diffusion back into the bone.
This situation is difficult to imagine in
nature. A more probable model would involve a combination of the water-vapor
curve with the continuous leaching curve
during the periods when excess liquid
water was present.
It seems doubtful that amino acid dating of bone can be done accurately using
only racemization data. By determining
the overall amino acid composition and
by sampling a bone in more than one
relative position it should be possible to
determine the extent and the effects of
leaching.
Different species of vertebrate bones
will probably be found to have different
apparent rates of amino acid racemization because of the variable leaching factor for different bones. The matrix in
which the bone is preserved is also likely
to greatly influence the results. Even in
a single deposit the effects of leaching
may be totally different for locations
only a short distance apart.
Knowledge of the amino acid composition, racemization, and distribution in a
fossil bone (or other fossil) will be of
value in the study of its diagenetic history. With these data it should be possible to determine at least approximate
ages and past temperatures. The use of
this tool will require careful calibration
with samples of known diagenetic history, including samples simulated in the
laboratory at higher temperatures and in
various amounts of water.
Drs. D. J. Ortner and D. von Endt of
the Smithsonian Institution provided the
bone samples used in these experiments,
and Miss Noreen Tuross of Trinity College gave technical help in several of the
experiments.

Lignin Compounds as Indicators 01
Terrestrial Organic Matter in
Marin e Sedj m e n ts
John Hedges
Marine sediments deposited near continental borders are composed primarily
of inorganic weathering products carried
from the continents by streams and wind.
Organic matter from land can accompany
detrital minerals and be deposited along
with the remains of marine organisms. A
determination of the contribution of landderived organic matter can be made by
measurements of stable carbon isotopes
and lignin oxidation products.
The 13C/12C ratio of organic matter
in marine sediments has been used to
estimate the relative contributions made
by land-derived and marine biological
matter (Sackett, 1964; Newman, Parker,
and Behrens, 1973) . This method is based
upon a general enrichment of 12C in
terrestrial organic matter compared with
marine material. Owing to uncertainties
involved in assigning representative carbon isotope abundances to the two reservoirs, this method can produce ambiguous results (Rogers and Koons, 1969 1.
Lignin compounds are propylphenyl
polymers of high molecular weight that
occur in vascular plants. They are apparently absent in marine phytoplankton
(Brauns and Brauns, I960). Because of
their great abundance, high resistance to
microbial attack, and unique occurrence
in land plants, lignin compounds offer an
alternative to carbon isotopes as indicators of land-derived organic matter.
Oxygenated cinnamyl alcohols are the
building blocks of lignin polymers. These
structural units have distinctive patterns
of ring methoxylation that correspond to
the plant type in which they occur
(Brauns and Brauns, 1960). Gymnosperm lignins, for example, are composed
almost entirely of vanillyl monomers.
Angiosperm lignins contain syringyl.
vanillyl, and sometimes p-hydroxyl
monomers (Fig. 221).
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Fig. 221. Chemical structure of index phenols.

Wood chemists often employ oxidation
reactions in the study of lignin structure.
The phenols whose chemical structures
are shown in Fig. 221 have all been reporter} as oxidation products of plant
lignins (Brauns and Brauns, 1960; Morrison. 1963 i. These nine compounds were
selected as "index phenols" because their
distribution in an oxidation product indicates the type and quantity of plant
lignin that was reacted.
The relative abundances of p-hydroxyl,
vanillyl. and syringyl phenols indicate
'her gymnosperm or angiosperm
lignin was reacted. The distribution of
each of the three methoxylation patterns
among aldehydic, ketonic, and acidic
phenol- yields information concerning
plant specif- and the state of preservation of the parent lignin. Determination

of nine phenolic substitution patterns
provides a unique two-dimensional fingerprint that facilitates investigation of
mixtures of lignin compounds in soils and
sediments.
To compare oxidation products of
lignin compounds and stable carbon isotopes as indicators of land-derived organic matter, two sets of samples were
analyzed: (1) plant material and (2)
surface sediments collected along sampling transects on the continental shelf of
the western Gulf of Mexico (Fig. 222) .
Experimental
All samples of sediments were frozen
upon collection. They were later thawed
and acidified with 6 molar HC1 to remove
carbonates. The sediments were washed
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with distilled water, dried at 50°C, and
ground to pass a 42-mesh sieve. Plant
samples were dried and powdered.
Organic carbon content was measured
manometrically after weighed portions of
plant or sediment were combusted to
C02. The C02 was transferred to a 60°
sector mass spectrometer for determination of 13C/12C, which was reported as
per mil deviation (8) from the carbon
isotope ratio of National Bureau of
Standards Isotope Reference Material
No. 20:
S13C,

/CO

■ (i3g/i2Q) sampie
_(13C/12C) standard

X 1000
Plants and sediments were oxidized in
a 200 ml high-pressure bomb charged

583
with 10 g of CuO in 150 ml of 8% NaOH.
The NaOH solution was; boiled prior to
addition to remove dissolved O2, which
can cause unwanted oxidation reactions.
Carbon-14 labeled p-hydroxyacetophenone was added to the reaction mixture
for determination of phenolic product recovery. Nitrogen gas was used to purge
the reaction solution and bomb head
space of O2.
The bomb was heated to 170°C for 3
hours in an automatically controlled
heater sleeve mounted on a platform
shaker. The oxidation product was filtered and acidified with 6 molar HC1 to a
pH of 1, after which it was extracted with
peroxide-free ethyl ether in a liquidliquid extractor.
An aliquot of extract was analyzed in
a liquid scintillation counter to determine

Fig. 222. Gulf of Mexico sediment sampling zones. Continental shelf sampling transects given
as hatched rectangles. Deep-water sampling sites given as solid circles; numbering after Newman,
Parker, and Behrens (1973).
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the percentage oi recovery of the UC
r. A weighed portion of extract was
then reacted with Pierce Chemical Company "Silyl-S" to replace all acidic hyg - - with trimethylsilyl groups. The
trimethylsilyl derivatives are more suitable for gas chromatography than are the
ss volatile parent compounds.
Each sample oi ether-soluble product
- analyzed by gas chromatography on
two different columns. One analysis was
carried out on a 10-foot by Vs-inch glass
column filled with an inert solid phase
coated with a silicone liquid phase (OV101 or OV-25). A second analysis was
made using a 100-foot by 0.010-inch
capillary column whose walls were coated
with a silicone-carborane liquid phase
t Dexsil 300 GC I . The smaller of the two
values determined for each index phenol
- used after correction for percentage
of recovery.
This technique
reduced
rs resulting from simultaneous elution of index phenols with other oxidation product-.
The analytical procedure has a lower
sitivity limit of approximately 1 fig
for each phenol. Blank runs produced no
measurable quantities of index phenols
• xcept the 14C tracer, whose contribution
to the p-hydroxyacetophenone yield was
subti
Ether extraction of known
quantities (about 10 mg) of the nine inphenols from an acidified aqueous
solution showed the analysis to be accurate within =t 10%
for each phenol.
Oxidation of 10. 1. and y10 g of sediment
indicated that yields of index phenols
varied linearly with the amount of parent
• •rial treated.
f [entities of the nine index phenols reported a- plant and sediment oxidation
products were verified by comparison of
ass spectra and GC retention times
of their trimethylsilyl derivatives with
ithentic compounds.

1N S T 1T V T IO N

characteristic oi the types of plants that
may contribute organic matter to marine
sediments. The plant species whose remains are actually preserved in Gulf of
Mexico sediments are unknown. Table 88
lists the total yield and composition (wt
%) of index phenols produced from the
CuO oxidation of the thirteen plant samples. Plant type, percentage of organic
carbon, and 813C values are also listed.
The two algae and mushroom gave
only index phenols of the p-hydroxyl
family. The amino acid tyrosine was
found to produce p-hydroxybenzaldehyde
and p-hydroxybenzoic acid upon CuO
oxidation and is a likely source of these
phenols in the three samples.
The distributions of index phenols produced from the vascular plants are similar to values reported in the literature
for CuO and nitrobenzene oxidation products (Brauns and Brauns, 1960). The
two pine woods gave primarily vanillyl
phenols and no syringyl phenols. All
angiosperms yielded at least 40% of their
index phenols as syringyl products and at
least 24% as vanillyl products. The
p-hydroxyl phenolic yield was, in general,
small for vascular plants. Analysis of
wood, bark, and leaf tissues from the
holly tree (Ilex opaca) showed that the
phenolic composition and total yield of
index phenols depend upon the plant
structure that is oxidized.
The plants that were analyzed exhibited a wide range of S13C values.
Sargassum, a marine alga, has a S13C
value within the range reported for marine algae from warm waters (Sackett
et al., 1965; Degens, 1965). The vascular
land plants have 813C values that fall
into two distinct ranges, as reported by
Smith and Epstein (1971). Spartina
alterniflora and Canavalia maritima have

/,'< alt and Discussion

high 813C values in the range of "G4
plants" that fix carbon via P-enol pyruvate carboxylase. The two gymnosperms

Thirteen plant samples were analyzed
to determine the index phenol patterns

and the other angiosperms have a 813C
range similar to that of "C3 plants" that
fix carbon via ribulose 1,5-diP carboxyl-

<*
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100°
200°
Column temperature, 4° per minute
Fig. 223. Gas chromatogram of trimethylsilyl derivatives of oxidation products from a typical
near-short sediment (Trinity transect, sediment sample 1). 100-foot by 0.010-inch i.d. capillary column coated with sediment Dexsil 300-GC. Inlet pressure 40 psi. Temperature programmed from
100° to 225°C at a rate of 4° per minute. Identities of numbered peaks are as follows: (1) phydroxybenzaldehyde, (2) p-hydroxyacetophenone, (3) vanillin, (4) p-hydroxybenzoic acid. (5)
acetovanillone, (6) syringealdehyde, (7) vanillic acid, (8) acetosyringone. (9) syringic acid.

ase. The production of index phenols
from the plants analyzed is not dependent upon their carbon isotopic content.
The phenolic compositions and total
index phenol yields for surface sediments
from the Gulf of Mexico continental shelf
are given in Table 89. Also listed are
813C, percentage of organic carbon, and
water depth at the sampling site.
The eight sampling transects are located near the mouths of the rivers or
bays for which they are named. All transects are perpendicular to local coastlines

in order to maximize any possible seaward decrease in the influence of organic
matter from land.
The sediments from each sampling
transect showed similar trends in index
phenol composition with increasing water
depth at the sampling site. Index phenol
compositions produced from near-shore
sediments correspond to patterns to be
expected from the CuO oxidation of well
mixed plant material. The possibility
that nonlignin precursors in these sediments might produce all nine index

.-»>
0 A R N E 0 IE

phenols is negligible. The nearly equal
yields oi syringyl and vanillyl phenols
siiLii;e>t a large angiosperni Lignin component ami a lark oi dominance by either
angiosperm or gymnosperm woods. Nearshore index phenol patterns closely resemble those produced by the oxidation
oi herbaceous angiosperms. A typical gas
chromatogram oi oxidation products from
a near-shore sediment is given in Fig. 223.
With increasing water depth and distance from shore, the distribution pattern.- typical of near-shore sediments are
altered by a general increase in the percentage of p-hydroxyl" phenols and a decrease in the percentage of syringealdehyde. Both trends correspond to a deise in the total yield of index phenols.
The seaward increase in p-hydroxyl
phenols is probably due to the production
of these compounds from marine algae.
The reduction of syringealdehyde yield
relative to other index phenols may result
from the preferential degradation of
syringyl groups in parent lignin compounds that have been transported further and buried more slowly than similar
plant matter in near-shore sediments
• Flaig. 1964).
A wide variety of plant communities
is characteristic of the terrestrial environments that contribute organic matsediments in the study area. These
communities include deciduous forests of
the Mississippi River valley, grasses and
shrubs from southern Texas, and tropical
rain forests near the Alvarado transect.
The index phenol composition patterns of
iments from the western Gulf, howr. do qo1 reflect any major differences
in the lignin mixtures being contributed
from adjacent land areas. Characterization of depositional provinces by this
parameter alone is not possible.
The relative lignin content of a sediment can be expressed as the sum of the
weights (milligrams) of vanillyl and
syringyl index phenols from 10 g of sediment divided by the percentage of organic carbon of the sediment. This ex-

IN S T IT U T 1 0 N

pression (A) excludes possible contributions of p-hydroxyl phenols from marine
algae. Sediments from the same depositional province should have A values that
are directly proportional to the amount
of land-derived organic matter they contain if the ratio of lignin compounds to
land-derived organic carbon remains constant. All transects show a general decrease in A with increasing water depth
and distance from shore. A decrease in A
of an order of magnitude occurs between
extreme near-shore and off-shore sediments in three of the eight transects.
If A is plotted against 813C for all the
sediments that w^ere analyzed, straight
lines are obtained that correspond to
Mississippi River, northwest Gulf, and
northeast Mexico depositional zones (Fig.
224). Although A values for the Rio
Grande transect indicate a sharp offshore
decrease in terrestrial organic material,
813C values do not correspond. Consequently, these sediments fit no correlation
line. The collinear variation of carbon
isotope and lignin phenol data for other
sediments is strong evidence that both
parameters indicate the level of landderived organic matter.
The three province lines of correlation
extrapolate to intersect the A = 0 line at
S13C values of — 18.4%0 to —19%,, indicating that "truly marine" sediments
from the Gulf of Mexico should have
813C values near this range. This implication was borne out by analysis of four
surface sediments from deep water sites
(Fig. 222). These sediments have an
A of 0.022 and an average S13C
average
of
— 19.6%*.
Vascular land plants and freshwater
sediments have an average S13C of approximately —26%, (Smith and Epstein,
1971; Sackett, 1964). Extrapolation of
province correlation lines to this value
indicates A numbers in the range 3 to 8
for bulk terrestrial organic matter. Corresponding respective A ranges for the
herbaceous angiosperms and all tree
woods (Table 88) are 2 to 5 and 8 to 25.
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Fig. 224. Plots of 513C against X for sediments from the continental shelf of the Gulf of Mexico
(Rio Grande sediments not included). (A) Mississippi River depositional zone. (B) northwest Gulf
depositional zone, (C) northeast Mexico depositional zone. Straight lines were fitted by the method
of least squares. Correlation coefficients for all three lines are greater than 0.90. The data point
from Southwest Pass sample No. 1 was not used to determine the Mississippi River correlation line.

Apparently, terrestrial organic matter
being transported to the Gulf of Mexico
has a lignin content similar to that of
herbaceous angiosperms.
The correlation lines shown in Fig. 224
represent a range of terrestrial organic
content which extends linearly from 0 at
A = 0 to 100% at S13C = — 26%0. The
midpoints of these lines should therefore
correspond to 50% land-derived organic
material. Inspection of the data points in
Fig. 224 suggests that the content of
land-derived organic matter in these sedi-

ments rarely exceeds 50%. Apparently,
less than 10% of the organic material in
some off-shore sediments is of a terrestrial source.
The seaward decrease of terrestrial
organic matter measured for these sediments may result from mixing of terrestrial and marine organic matter or from
the preferential degradation of landderived organic matter in off-shore sediments. There is, however, no evidence
that chemical alteration of sedimented
organic matter produces enrichments of
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C in organic carbon as large as those
measured for these sediments. If Largescale concentration oi l8C in remnant
• stria! organic manor does occur in
marine sediments, it is unlikely thai the
• sses at work would accompany or
• . : i :. corresponding linear decrease
in the lignin component.
Mixing of ter■ stria] and marine
organic materials.
however, would produce the large and
collinear variations in l8C and A that were
- rved in these sediments.
Summary
Surface sediments in the western Gulf
oi Mexico rarely contain more than 50c/c
land-derived organic matter even if deposited near the mouths of large rivers.
The content of organic matter from land
decreases with increasing distance from
shore. Apparently, most land-derived organic matter now discharged by rivers
into the western Gulf of Mexico is efriciently trapped at water depths of less
than 300 feet, where rapid dilution by
the remains of marine organisms reduces
the terrestrial component of the total organic carbon to a low level.
The land-derived organic matter in
3< sediments has a lignin content similar to that of grasses and herbs. A significant fraction of the species that contribute these lignins are flowering plants.
The index phenol composition patterns
obtained from sediments in the study
area are not significantly different, even
igh a variety of terrestrial plant communities are probably represented.
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equally productive; yet comparatively
little work has been done. New facilities
for the analysis of hydrogen-isotope
ratios have been placed into operation in
this laboratory, and a preliminary survey
has been made of the distribution of hydrogen isotopes in selected classes of
organic compounds in a suite of Recent
sediments. Isotope ratios of the carbon in
the same compounds were measured at
the same time.
When

a green plant performs
synthesis, hydrogen from water
surroundings is fixed as organic
gen at the same time that carbon
is fixed:

photoin the
hydrodioxide

C02 + HoO i \/n (CH20)„ + 02.
The first products of the process are
transformed rapidly into the numerous

Gulf of Mexico

The Esotopic ( Imposition of the
( usbon and Hydrogen in Organic
Matteb of Recent Sediments

miles

10 nautical

Thomas ( ' . Hoering
Extensive research by a number of
workers has shown that a record of biochemical and geochemical processes is
preserved in the carbon isotopes of organic matter in sedimentary rocks.
Studies of hydrogen isotope- should be

I0«

Fig. 225.
ples.

9«

Location of sites of sediment sam-
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components of cells. Hydrogen has two
stable isotopes, 2H or D (deuterium) and
1H (protium) ; carbon has 1:^C and 12C.
Molecules that differ only by isotopic
substitution have slightly different physicochemical properties, and there are
characteristic isotope effects on the rates
of biosynthetic reactions. Patterns of
stable isotope fractionation in living organisms are retained in the organic matter of sedimentary rocks (Degens, 1969).
Smith and Epstein (1970) analyzed 14
plants and their lipids for hydrogenisotope ratios. Lipids contain a high
proportion of fatty acids. The plants
grew in a salt marsh and a lagoon where
the isotopic composition of the water was
known. Smith and Epstein found that
the average deuterium-hydrogen ratio of
the plants was 5.5% lower than that of
the water. The lipids averaged 9.2%
lower than the total plant organic matter.
There is a discrimination by the plants
against the heavy isotope of hydrogen as
well as carbon. Organic matter is depleted in the heavy isotopes of both elements. The isotope fractionation in the
process leading to lipids is probably related to a specific step, crucially located
at a biosynthetic crossroad, where the
flow of both organic carbon and hydrogen
splits into two or more fractions (Abelson
and Hoering, 1961).
This report extends the deuterium
measurements to similar constituents of
Recent sediments to determine whether
the relationships described are maintained through the first steps in the formation of sedimentary rocks. Two frac-'
tions, the humic acids and the free fatty
acids, were examined. Procedures developed earlier in this laboratory were used
for their isolation and purification (Hoering, Year Book 66, pp. 515-526; Hoering,
Year Book 72, pp. 682-690). Humic acids
are primarily a residue of nonlipid components ofcells. Two considerations were
given in the choice of these fractions.
First, the organic matter must be isolated
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cleanly from the sediment without, water
or hydrous minerals. Second, the hydrogen in the organic compounds must not
undergo rapid isotopic exchange with
water during sedimentation or during the
isolation procedure. Nissenbaum and
Kaplan (1972) showed that humic acids
satisfy both criteria. The carbon-tohydrogen bond in the alkyl chain of fatty
acids is inert and does not exchange hydrogen rapidly. Fatty acids are hydrophobic and easily dried.
Sediment and water samples were collected in the Atchafalaya River of Louisiana and the adjoining Gulf of Mexico at
the sites shown in Fig. 225. The facilities
of the R. V. Longhorn of the University
of Texas were made available through
the courtesy of Dr. P. L. Parker. Sites
were chosen where the sediments consisted mainly of clay and silt-sized particles, with only small amounts of sand
and shell fragments. Organic matter that
originated from a wide range of environments, varying from fresh water to marine, isdeposited in these sediments.
The hydrogen-isotope ratio of the fresh
waters of the area is different from that
of sea water. Because water is the source
of hydrogen fixed during photosynthesis,
the difference may be reflected in the isotope ratios of organic matter and a potential tracer for land-derived organic
matter. The variation of the deuterium
content of natural waters in the hydrological cycle is well known (Friedman
et al, 1964) . The D/H ratio in the temperate oceans is uniform, whereas the
ratio in fresh water is lower and quite
variable. It is a function of the latitude
and elevation where precipitation occurs.
The sediments were frozen immediately after collection, brought back to the
laboratory, and freeze-dried for preservation. The dried samples were extracted
with a mixture of benzene and methanol
to isolate fatty acids, redried. and then
extracted with a solution of sodium pyrophosphate toisolate humic acids. A gas
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Fatty acids in
Sediment La-4

28

30

16

oC
a

26

5.

24

32

a.

a

:c5:

Column temperature, programmed at 4°/min

Fie. 226 Gas
- At the
< labeled a
on Chromosorb
_

mmed

chromatogram of the methyl esters of fatty acids isolated
peaks represent the carbon number of the normal alkanoic
is due to oleic acid. The column was 10 feet by Vs inch,
W. The carrier gas flow rate was 30 ml per minute. The

from sample La-4. The
325°Cester.
acid in the methyl
packed with 3% OV-101
column temperature was

from 100° to 325 °C at a rate of 4° per minute.

chromatogram of the purified fatty acids
isolated from one of the sediment samples
is shown in Fig. 226. This assemblage of
acids is typical of those found at the
other localities, both fresh water and
marine. It is similar to that found in
other -fdiments and soils.
In a previous study, the hypothesis was
le that fatty acids with more than
by carbon atoms, found in marine
sediments
were derived from waxes in
land pi
<1 transported to the sea.
A* that time there were no known sources
cids of high molecular weight in marine s isms (Hoering, Year Book 66,
515-526). However, recent work of
izel, and Paffenhoeffer (1971)
: :. * • copepods synthesize waxes
thai could be precursors of these acids.
Therefore, the molecular weight distribution of fatty acids is not characteristic
ither a fresh water or a marine sedi-

ment. There are no chemical criteria that
clearly distinguish humic acids from the
two environments. One purpose of this
work is to determine whether combined
carbon and hydrogen isotopes would be
distinctive.
Organic matter was combusted to carbon dioxide and water in a system similar
to that used by Smith and Epstein
( 1970) . The carbon dioxide was distilled
from the water at — 78°C, purified, and
analyzed for its 13C content. The water
was converted to molecular hydrogen by
reacting it with uranium metal at 700°C
and analyzing the product for its deuterium content (Friedman and Hardcastle,
1970).
Data for sediment and water samples
at eight of the eleven sites are given in
Table 90 and plotted in Fig. 227. The
results of the isotopic analyses are expressed in parts per thousand (per mil)
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Fatty
TABLE

90. Isotope Composition of Water and Organic Matter in Sediment
5"C Sample 5"C
Water
Depth, ft

Sample

2
4
3
4
22
25

La-1
La-3
La-4
La-5
La-6
La-7
La-10
La-11

140
306

Salinity
Water,
per0.29
mil
0.23
0.23

Fatty

-40.2
Water
-41.0
oL>
-5
3.2
-37.7
-1-26..83

3.90
29.42
31.30
36.93
34.58

-1.9

(13C/12C),- (13C/12C)
(13C/12C)
X 1000;

(D/H)
SD = (D/H),(D/H).

Acid
-90.1

-1-9
143.
.44
-97.0
-112.2
-105.1
-108.6

-15D
23.2
Acid
-142.8
-177.9
- 1 60.7
-162.0
-167.7
-160.7
-174.2

-24.44
Acid
-28.62
-29.00
-30.37
-27.97
-24.70

-21.17
Humic

-21.70
Acid
-21.85
-24.02
-20.58
-19.89
-19.84
-19.62

-2
-25.
7.91
15

+5.1

difference in isotope ratios as compared
with standard materials:
S13C

-90.6
oD
Humic

X 1000;

where the subscript x refers to the un-

known and the subscript s refers to the
standard material. For carbon isotope-,
the standard is National Bureau of
Standards
Isotope Reference
Material
No. 20. For hydrogen isotopes, the standard is Standard Mean Ocean Water
(SMOW) from the International Atomic
Energy Agency of Vienna, Austria. The
reproducibility of the combined isolation,
combustion, and analysis procedures is

+ 20p

-
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Fig. 227. The isotopic composition of the hydrogen and carbon in the
sediments. The vertical dashed lines indicate the average carbon isotope
bonate ion in sea water and the carbon dioxide of the atmosphere. The
areas of the isotopic compositions of waters and fractions of the organic
fresh water.

- .•"/

(^x water

v

N'p|d

organic matter of Recent
composition of the bicarhorizontal lines connect
q5^
matter in sea water and
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= 0.3 per mil for carbon and is ±3 per
mil for hydrogen.
The surface waters at the sampling
sites can be grouped clearly into sea
water and fresh water on the basis of
their salinity and deuterium content. The
ganic matter is consistently depleted in
deuterium relative to the water and depleted in lsC relative to the source carbon. The fatty acids in both fresh-water
and marine sediments have 8D and 813C
that are, respectively. 60 and 6 per mil
lower than the humic acids. The deuterium fractionation is somewhat smaller
than that found by Smith and Epstein
• 1970 1 for Lipids and nonlipids of living
plants.
The relationship
between
the
I ' oi thein two
similar to that already
described
the isliterature.
The deuterium concentration in the
fresh-water and marine organic fractions
does not directly reflect the differences
shown by the water. The 8D of the humic
acids in marine sediments is 100 per mil
lower than that of the water, whereas in
fresh water the difference is only 60 per
mil. There is insufficient evidence to indicate whether marine photosynthetic organiMns fractionate the hydrogen isotopes differently than land plants.
The apparent difference may arise
from a phenomenon described by Wershaw et al. (1970). They found that the
water in vascular plants had a deuterium
concent ration that averaged 50 per mil
higher than the ground water where the
its grew, that is, there is an isotope
:1 during transpiration by higher
plan^. Vascular plants contribute some
of the organic matter to the fresh-water
sedii entfi in this particular geographical region, organic matter in such plants
- been formed by photosynthesis, with
ter having an isotopic composition
near that of sea water. The fresh waters
have 8D of —40 per mil, and the water in
scular plant- would then have SD of
-f 10 per mil. Some of the apparent lack
of resolution shown in Fig. 227 may therefore be accounted for.
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There are several ways this ambiguity
could be resolved. The hydrogen-isotope
fractionation between water and a wide
range of marine and land plants could be
measured. The sediments in a river that
drains high elevations at high latitudes
(e.g., the Columbia River) could be examined. The water in such a river has a
much lower deuterium concentration than
the Atchafalaya River and one would
expect a much lower concentration of
deuterium in the organic matter.
An alternative explanation for the similarity of the hydrogen-isotope ratios in
the organic matter of the marine and
fresh-water sediments is that there has
been a large contribution of land-derived
organic matter to the marine sediments.
This explanation, however, is exactly opposite the conclusions drawn by Hedges
(this Report) from his studies of similar
suites of sediments. Also, it does not account for the differences in the S13C of
the organic fractions.
The experiments described in this report represent some advances in the application of hydrogen isotopes to an
understanding of the geochemical history
of organic matter. It is possible to measure reliably both the carbon and the hydrogen isotopes in milligram quantities of
sedimentary organic matter. Some of the
patterns of hydrogen-isotope labeling
found in living plants have been shown to
be inherited by Recent sediments. It may
be possible in certain localities to more
clearly distinguish land-derived organic
matter from marine-derived material
with combined D and 13C measurements.
Published information gives few clues
to the stability of hydrogen-isotope
labeling in organic matter over long periods of geological time. The hydrogen in
sedimentary organic matter is more labile
and subject to exchange than is carbon.
Experiments can be designed for the
study of the interaction of water and
organic matter to determine whether such
exchange occurs. The measurement of
the isotopic composition of classes of or-
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ganic compounds over the length of some
of the long cores collected by the Deep
Sea Drilling Program would yield information on stability during the first stages
of compaction and lithification of sediments. Laboratory experiments on the
exchange of hydrogen between water and
organic compounds under conditions
where elevated temperatures substitute for
long times would give indications of stability.
Saturated hydrocarbons are among the
most stable organic molecules found in
sedimentary rocks and are especially suitable for studying hydrogen isotopes in very
old organic matter. If it can be shown
that this class of compounds reflects the
hydrogen-isotope ratio of the water in
which they are formed, the examination
of isotope ratios of hydrocarbons of Precambrian age could give information on
the deuterium content of the oceans in
those very early times. Some information on the state of the evolution of the
hydrosphere may therefore be gained.
Comparative Amino Acid Compositions
of Some Siliceous Microfossils*
K. King, Jr.

The finding of a proteinaceous organic
matrix in the skeletons of fossil Radiolaria led to a brief amino acid survey of
three other groups of siliceous microfossils found in deep-sea sediments —
sponge spicules, opal phytoliths, and
diatoms.
Sponge spicules are microscopic skeletal elements composed of opaline silica
that are incorporated into the sediments
after the death of abyssal sponges. Although spicules occur in a variety of
shapes, the sample analyzed was composed only of tetracts or four-pronged
specimens. These spicules were isolated
from the top of the Indian Ocean core
V19-224 TW (35°30'S, 29°57'E). The
sample was prepared by the same proce* Research supported in part by National
Science Foundation grant GA 35463X.

dure as Radiolaria (King, this Report)
but was immersed in concentrated (30%)
H202 for 1 hour prior to dissolution in
HF.
Opal phytoliths are also microscopic
bodies of opaline silica; their origin, however, is not in the marine environment
but on land in the epidermal cells of
plants. Although found within many
taxonomic units of the plant kingdom,
they are most abundant in grasses. After
accumulating in soils after the decay of
cells that contained them, some opal
phytoliths are transported to the oceans
in dust by prevailing winds, to reside
ultimately in the sediments in low abundance. Their potential value in deep->ea
cores for paleoclimatic studies has been
recognized only recently (Dumitrica.
1973; Parmenter and Folger, 1974). The
opal phytoliths were kindly provided by
Dr. Robert L. Jones, of the University of
Illinois. They had been isolated from
Spartina pectinata, prairie cord grass, as
the residue after the grass was treated
with a boiling H2S04-Na2S04 mixture for
3 hours.
Diatoms, the most important group in
the phytoplankton, are solitary or colonial algae that secrete minute bivalved
frustules (shells) of opaline silica. Their
frustules are found characteristically in
great abundance in high latitudes and
deep waters, where solution has removed
calcareous skeletons. The sample selected
for analysis was a largely monospecific
ooze of Ethmodiscus rex, a planktonic
diatom, micaceous in appearance, from
equatorial Pacific core Y20-145 (09C11'X:
136°56'E). Normal sample preparation,
like that of the sponge spicules, was preceded by a 1-hour treatment with concentrated H202 as a precaution against surflcial in situ contamination. Sample
weights were about 1 mg, and all analyses were run with a Durrani D500 amino
acid analyzer.1
t Purchased by the Lamont-Doherty Geological Observatory under National Science Foundation grant GA 34139.
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91. Comparative Annuo Acid Composition of Throe Different Groups of Recent
Siliceous Microfossils. amino acid residues/ 1000 total residues

Amino Acid
Artie
Threonine
Serine
Glutamic
;nr
Alanine
Valine
M< thionine
Alloisoleucine
[soleucine
Leucine
Tyrosine
Phenylalanine
Histidine
Ornithine
Lysine
Arginine
Total concentration, nmole g fossil

Radiolaria, mean
of three species
156
44
63
127
227
90
71
5
273
15
59
302
9
39
33
1439

A comparison of the amino acid composition of Radiolaria with those of
sponge spicules and opal phytoliths is
shown in Table 91. No amino acids were
found above reagent blank values in the
diatom Ethmodiscus rex.
The total concentration of amino acids
: v similar for the three groups. Glycine is the dominant amino acid for all
three, with the phytoliths exhibiting a
ticularly high proportion (38% higher
than Radiolaria). As in the Radiolaria,
the more abundant
acids in sponge
spicules and opal phytoliths include
id glutamic acids, alanine, and
valine. The values for serine, however,
were significantly higher in sponge spicid phytoliths, i.e. 51% and 104%
highi
itively, than in Radiolaria.
The absence of remnant amino acids in
the Ethmodiscus rex -ample may indicate
iginal organic matrix or
reflect intense diagenesis of a matrix
d by the thin, porous structure frustule. Samples of diatoma"/.' - containing other species will
be studied in an attempt to answer this
question.

Sponge Spicules,
tetracts

Opal Phytoliths,
S pari ina pcciitiata

130
95
51
95
199
107
78
t race

339
46
69
30
4
2
17
35

1673

77
37
129
120
88
314
63
28
5
trace
49

355
15
9
197

492

In summary, the similarities in amino
acid composition of the three groups sampled are more striking than their differences and may represent a common pattern within which interspecies variations
may be constrained by biomineralization
requirements.
Amino Acid Composition of the
Siliceous Skeletons of Fossil
K. iol
King,
a*
ariJr.
Rad

The fossil skeletons of microscopic marine organisms preserved in deep-sea sediments represent a unique source of organic
matter for biogeochemical study. Unlike
the nonmineralized organic compounds
dispersed throughout the bulk sediment,
the remnant molecules from the organic
matrices of microfossils can be linked to
a particular species of living or extinct
organism. The large size and complexity
of the original macromolecules, predominantly proteins, afford valuable informa* Research supported in part by National
Science Foundation grant GA 35463X.
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tion, which is fortuitously protected over
substantial geologic time by the enclosing
mineral phase. These characteristics provide the related opportunities for (1)
monitoring evolutionary changes concurrently at the molecular and morphological levels through the virtually continuous record in deep-sea sediments and
(2) studying diagenetic changes of the
original biological molecules over geologic time in a relatively closed system
affected by a limited number of variables.
The first group of microfossils studied
was the planktonic Foraminifera, calcitesecreting protozoans whose shells occur in
great abundance in marine sediments.
Amino acid analysis of their shells indicated that (1) the composition of the
proteinaceous matrix is a valid taxonomic
character at the species level and (2)
compositional differences between species
are sufficiently well preserved for determination ofphylogenetic affinities within
the fossil record (King, 1972; King and
Hare, 1972a, b) . This research also indicated that the epimerization of L-isoleucine to D-alloisoleucine within foraminiferal shells can be used as a dating
technique if individual species effects are
taken into account (King and Hare, Year
Book 71, pp. 596-598).
In a similar way a study was undertaken of amino acids in fossil Radiolaria,
a group of planktonic organisms that
not only differ morphologically from
the Foraminifera but deposit skeletal
material of opaline silica (Si02'ftH20)
rather than calcium carbonate. These
new results are thought to represent the
first amino acid data on fossil silicified
protein.
Radiolaria are pelagic marine protozoans that are abundant in surface waters
and are an important biogenic component
of deep-sea sediments, particularly in the
Pacific and Antarctic. The group of
Radiolaria analyzed are the Polycystina
and are currently defined as "Radiolaria
with skeleton of opaline silica without admixed organic

compounds"

(Riedel,

1971). This definition is based on microscopic evidence developed by early workers (Haeckel, 1887; Schmidt, 1908).
Prior to this chemical study, the only
group of Radiolaria believed to contain
skeletal organic matter was the Tripylea
(= Phaeodaria). Most tripyleans arefragile in structure and are therefore
rarely preserved in deep-sea sediments.
Two of the three Recent species analyzed (Spongoplegma antarcticum and
Spongotrochus glacialis) were isolated
from the top of Antarctic deep-sea core
RC12-229 (55°21'S, 94°25'W). The third
species was separated from the top of
equatorial Pacific core RC12-66 (02°37'X.
148°13'W). The two down-core species
were isolated from RC12-66 ( 1900 cm)
at the paleomagnetic boundary of Gilbert/
Epoch 5, corresponding to an age of 5.1
m.y. Both cores were collected by the
Lamont-Doherty Geological Observatory.
Each core sample was disaggregated by
ultrasonic energy in a dilute sodium hexametaphosphate solution, wet-sieved, and
air-dried to obtain the sediment coarse
fraction ( >62 /xm) . Individual specimens
of each desired species were then manually separated from this fraction under
a binocular microscope. The weight of
an average skeleton ranged from 1 to 5
/xg, depending on the species. Aggregate
species samples were then cleaned with
ultrasonic energy in a series of sodium
hexametaphosphate washes and distilled
water rinses. Individual specimens were
taken from each cleaned sample and
inspected with the scanning electron
microscope to ensure that particulate
contaminants (e.g., coccoliths. clay minerals) had been removed.
Species samples were dissolved in cold
hydrofluoric acid and evaporated to dryness.sealed
They were tubes
then hydrolyzed
in 6 at
A"
HC1 in
under nitrogen
110°C for 22 hours. Hydro lyzates were
evaporated to dryness in a vacuum centrifuge and stored in the freezer until
analyzed. Sample weights for chemical
preparation ranged from 0.4 to 2.0 mg.
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representing 100 to 1000 individual skeletons per sample. Suitable species were
not present in sufficient abundance to permit duplicate samples, and results are
therefore based on single analyses.
Analyses were conducted with a Durrani D500 amino acid analyzer* operated
at the picomole (10~12 mole) level of sensitivity. Reproducibility is within ±5%
on the basis of replicate analyses of
standard amino acid mixtures.

amino acids, n-alloisoleucine and ornithine, were found in significant amounts.
Their presence is an indication that some
diagenesis has occurred in the few thousand years represented by the core top
samples.

A proteinaceous organic matrix was
found in all three species of Recent
Radiolaria from core tops analyzed as
shown in Table 92. Most of the amino
acids normally found in proteins were
present, with the notable exception of
cystine. Proline was detected but not
measured quantitatively because the
analytical system has only a 590 nm
photometer. In addition, two nonprotein

species are glycine, aspartic acid, glutamic acid, and alanine. In terms of the
average composition of the three species,
these four acids account for 60% of all
residues.

Each species has a characteristic composition, and interspecies variations are
greater than experimental error for 16 of
the 17 amino acids measured. The four
most abundant amino acids in all three

No striking difference in overall composition isnoted between the two representative species of the Spumellaria and
the one species of the Nassellaria, although the abundance of lysine is 73%
lower in the latter. The Spumellaria and
the Nassellaria are the two major taxonomic groups within the order Polycystina (Riedel, 1971).

* Purchased by the Lamont-Doherty Geological Observatory under National Science Foundation gram GA 34139.

TABLE 92. Amino Acid Composition of Three Recent Species of Radiolaria from Deep-Sea
Sediment Core Tops Compared with Average Composition of Sixteen Species of
Foraminifera, amino acid residues/ 1000 total residues
Recent
Foraminifera
(Calcareous)

Recent Radiolaria (Siliceous)
Amino Acid

Spumellaria
*S\ antarcticum
S. glacialis
151
154
40
40
50
115
135
80
299
193

irtic
Threonine
Serine
Glutamic
Glycine
Alanine
Valine
Methionine
Alloisoleucine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Histidine
Ornithine
Lysine
Arginine

88

48

6
82
4
29
13
50

813
25
3

311
10

on,

Total conoi
nmolf' a. skeleton

53
44
1355

58
11
30
3
495
16

1 002

Nassellaria
neatum
43
C.
167
70
134
192
100
82
283
<1
20
68

30
11
<114
38
1360

Mean
156
44
63
127

Mean of
16 Species
212

227
90

114
138
82
100
84

715
27
153

9
60
23
...

59

44
36
20
35

302
9
33
39

...
22
21

1439
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Amino Acid
Aspartic
Threonine
Serine
Glutamic
Glycine
Alanine
Valine
Methionine
Alloisoleucine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Histidine
Ornithine
Lysine
Arginine
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93. Diagcnetic Changes in Amino Acid Content of Radiolarian Skeletons
over 5.1 m.y., nmole/g skeleton
A
Recent
species,
S. glacialis
246.4
64.8
64.0
216.8
477.6
129.3
76.5
5.3
5.3
39.6
93.5
17.1
48.3
5.1
7.8
78.3
26.3
1602.0

Spumellaria
B

Xassellaria
B/A

5.1-m.y.old species,
H. koellikeri
27.4
9.7
81.4
145.7
93.0
57.6

0.11
...
0.15
0.38
0.31
0.72
0.75

16.4
27.9

...
2.11
0.41
0.30

15.3

0.32

11.2

365.5
8.6

859.7

As a test for surficial in situ contamination, asample of Spongotrochus glacialis was exposed to concentrated (30%)
hydrogen peroxide for 30 minutes prior to
normal sample preparation. No significant difference in amino acid composition
was observed between this sample and
one cleaned only with sodium hexametaphosphate.
More than 75% of the amino acid content isapparently peptide-bound. Analyses of samples of Spongoplegma antarcticum and Spongotrochus glacialis that
have not been hydrolyzed with 6 N HC1
show total "free" amino acid concentrations amounting to 25% and 24%, respectively, of the total hydrolyzed values.
The hydrofluoric acid dissolution step is
possibly the major contributor to hydrolysis, and diagenesis is a minor factor, in
the core-top samples.
The total amino acid concentration in
the siliceous radiolarian skeletons is less
than half the content of calcareous foraminiferal shells (Table 92). Significant
compositional differences also exist, even

46.86
0.11
0.54

A
Recent
species,
C. neatum
226.9
58.4
95.0
181.9
260.9
135.3
111.9

B
5. 1-m.y.old
species,
C. neatum
10.8
5.0
13.9
24.3
31.6
25.8
12.5

trace
4.4

. 1.9
..
2.7

38.4
92.2
26.6
40.9

11.8

trace
15.3
19.4
52.2
1359.7

B/A

trace
8.8
...
11.1

0.05
0.09
0.15
0.13
0.12
0.19
0.11
0.43
0.07
0.13
0.22
0.73
0.15

3.0
163.2

0.12

though the four most abundant amino
acids in both groups of organisms are
glycine, aspartic acid, glutamic acid, and
alanine. The relative ranking of aspartic
acid and glycine is reversed in the two
groups, glycine being the most abundant
acid in the Radiolaria (aspartic acid second) and aspartic acid ranking first in
the Foraminifera (glycine second ) . Other
major differences in the radiolarian composition compared with the foraminiferal
pattern are 77% more lysine in the Radiolaria, 46% less threonine, 35% less
tyrosine, and 34% more leucine.
Comparative analyses of samples of
Recent and 5.1-m.y.-old species (Table
93) indicate that the proteinaceous organic matrix undergoes severe diagenesis
over geologic time. The amino acid content of the 5.1-m.y.-old sample of Cyclampterium neatum represents a reduction of 88% compared with that of the
Recent sample of the same species. Substantial alteration was also observed in
the pair of spumellarians, although the
reduction was 46% as compared with
88% for the nassellarian. If the diage-
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oetic product ornithine is excluded from
the comparison, the effect is more similar
in magnitude for the two groups, with
reductions oi 6995 (Spumellaria) and
Nassellaria).
These results are in marked contrast
to an average reduction of only 40 rr
observed in lS-m.y.-old Foraminifera
(King and Hare. 1972a, b). Factors that
may contribute to the accelerated diagenetic rate of Kadiolaria are (1) the high
internal water content (up to 20 wt %)
valine silica (Frondel, 1962). promoting the hydrolysis of peptide bonds, and
(2) greater skeletal porosity, leading to
more rapid attack and leaching by external pore waters in the sediment.
NEW

1NST1T

IT TION

The finding of a proteinaeeous matrix
in fossil Radiolaria has implications for
evolutionary, geochronological, and biomineralization studies. The species specificity of the amino acid composition
should be a useful marker in tracing
evolutionary lineages. Also, the presence
of measurable quantities of alloisoleucine
and isoleucine in the older samples suggests the potential application of radiolarian analyses to the dating of siliceous
deep-sea sediments. From the standpoint
of biomineralization, the amino acid pattern (dominated by glycine) of the
Radiolaria may prove to be a common
characteristic of all siliceous organisms
(King, this Report).

TECHNIQUES,
EQUIPMENT,
AND
CALIBRATION

1 >ESIGN OF A PrEsETTABLE

TlMER

FOR

Amino Acid A x al ysis
G. C. Hadidiacos, L. W. Finger, and P. E. Hare

The amino acids are identified by their
elution times from an ion-exchange column 'Hare. 1 969 » , and it is necessary to
oduce accurately the sequence and
timing of buffers for each sample injected
into the system. This report describes a
timer that will accurately control the sequences required for the complete analysis of amino acids on a single ionexchange column.
[on-exchange
methods
are employed
■ quire tin elution of 20 amino acids
- ries of aqueous buffers of increas1 1 The sample is injected into the
age column al a pH of 2, which
:tively retains all the amino acids at
of the column. A buffer of />H
2.9 will elute the first group and resolve
hydroxyproline, aspartic acid, threonine,
and serine. A second buffer of pH 3.4
elutes and resolves glutamic acid, proline,
glycine, alanine, and cystine. A third
11 L0 elutes and resolves valine, methionine, isoleucine, and leucine.
A fourth buffer of p]\ 5.0 elutes and re-

solves tyrosine and phenylalanine. A
final buffer of pH 10 elutes and resolves
the basic amino acids histidine, hydroxylysine, ornithine, lysine, and arginine.
The accuracy of the analysis strongly depends on accurate sequencing of the flow
of solutions in the system.
One method of obtaining the required
accuracy is to use an integrated solidstate counter with preset capability. This
report describes the use of such a counter
in the design of a control circuit and the
application of this unit as a buildingblock in the construction of a system for
controlling the flow of reagents in the ionexchange column.
The design of complex electronic devices has been greatly facilitated by recent advances in the technology for production of integrated solid state circuits.
Tn particular, the medium and large-scale
integration of devices employing transistor-transistor-logic (TTL) is useful in
the present application for a timing
mechanism. One such device, shown in
Fig. 228, is a synchronous decade counter
with preset capability, the SN74162
(Texas Instruments, Incorporated, Bulletin CA-174). The output lines Qi, Q2,
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Fig. 228. Logic diagram of the SN74162 synchronous decade counter.

Q4, and Q8 represent the binary-codeddecimal (BCD) output values. When
counting is initiated, each pulse on the
clock input causes the counter to be incremented until a value of 9 has been
accumulated. The next input from the
clock will cause the internal value to be
cleared to 0 and an output to be generated (designated RC on Fig. 228). The
output is used to advance the next higherorder digit. Other inputs to the device
are the count-enable P (CEP) signal,
which is used to interrupt counting without affecting the accumulated counter
value; the count-enable T (CET) signal,
which controls counting and the propagation of the output signal ; the input value
of the preset BCD signals; and a signal
to load the counter. In the operation of
the device, information contained in the
BCD input is transferred into the counter
when the appropriate signals of the load
input and clock input occur. Actually,
this condition causes the loss of one clock
period because at this stage of the operation the counter is loaded but not advanced as described above. The loss of
the clock period is avoided in the composite circuitry into which the counting
devices are incorporated. This circuitry
is required for the overall operation of the
timer.
The composite circuitry includes a series
of counting devices that are included in
the presettable timing blocks, one of
which is depicted in Fig. 229. The counting circuits shown do not suffer the loss

of a clock period, as described in the following operation. The start signal initializes the storage elements "flip-flop" 1
(FF-1) and 2 (FF-2). When a clock
pulse is received, FF-1 transfers at time
T'i and enables the AND gate. The
change from 0 to 1 in FF-1, which occurs
only at the beginning of each time cycle,
will trigger two monostable multivibrators MM-1 and MM-2, starting two timing pulses. The first asserts the load
signal for 0.5 /as (from T] to T4). MM-2
is started at T2 after a 0.1 /as delay caused
by RiCi. This procedure allows sufficient
recovery time for the counting device before a0.2 fis (T3) time pulse from MM-2
is applied. The pulse is then inverted and
combined with the initial input signal by
a gate (designated NOR in Fig. 229) to
generate an extra clocking pulse from T2
to T3, which is used to load the data bits
into the counters. When the actual input
pulse finishes at time T5, the value of the
counter is incremented. Succeeding input
signals are simply accumulated without
actuating the load signal. Once the required number of clock pulses has been
accumulated, the output (RC) of the
final stage clocks FF-2, which disables
FF-1. The AND gate blocks further input signals from being accumulated. The
total time that any one set of counters
remains active is controlled by FF-1, and
the output of the presettable timing block
is used to activate the following counter
on any external devices.
The application of this timer to the
amino acid analyzer includes two flow
solenoids, which are used to switch the
flow of the various solutions (buffer or
sample solution). When FF-1 changes
state at time Ti, monostable multivibrator MM-3 is positively actuated for 2
seconds, switching on the buffer solution.
At time T„ FF-1 again changes state.
resulting in monostable multivibrator
MM-4 being negatively actuated for 2
seconds, thereby switching off the buffer
solution. The outputs of these multivibrators are photocoupled
to silicon-
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Fig. 229. The composite circuitry of one presettable timer using three presettable
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Fig. 230. A method of interconnecting the presettable timer to form a controlled sample, buffer,
injector for the amino acid analyzer.
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control-rectifiers, which switch the current flow to the solenoids. The overall
system is a combination of presettable
timing blocks designed for synchronous
operation of the amino acid analyzer,
with the timing accuracy limited only by
the choice of the time base (60 Hz line
frequency or a crystal oscillator) .
A number of presettable timing blocks
are wired together to form the system
shown in Fig. 230. The first stage is used
to inject a new sample into the ion exchange column. When the preset time has
elapsed the solution is switched off and a
reset/ start command for the second timer
is generated. A buffer solution is injected
into the column for a preselected time.
This cycle recurs for the required number
of stages within the system. Upon completion of the last stage a reset/start
command is sent to preset timer Ti,
which injects a new sample of pH 2.0 and
increments a presettable counter used to
control the preselected number of samples to be injected through the set of
designated buffers. Upon the completion
of the set of samples, the presettable
counter is cleared and the clock pulse is
blocked, ending the cycle.
The circuit described above should be
considerably more flexible as well as more
reliable than mechanical timers used previously. The system precisely times the
flow and sequence of solutions, thereby
resulting in an accurate system for amino
acid analysis.
Electron Microprobe Analysis
of Glass
/. Kushiro

Electron microprobe analysis of coexisting glass and crystalline phases has
been shown to be efficient in the determination of the phase equilibria in some
silicate systems (Kushiro, 19726; Year
Book 72, pp. 502-507). Cawthorn et al.
(1973), however, have shown examples
in which the electron microprobe analysis
of glass does not represent the composition of the equilibrium liquid. Green
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(1973a) has also discussed this problem
in the natural peridotite-H20 system.
To test the validity of the electron microprobe analysis of glass, careful electron
microprobe analysis has been carried out
on glasses formed in high-pressure and
1-atm experiments. It was found that the
glass within a distance of about 10 fan
from olivine crystals is depleted in the
olivine component in high-pressure runs;
no depletion was observed, however, in
the glass formed in 1-atm quenching runs.
The diffusion rate of cations in the melt
was estimated from these experiments
and applied to the cooling rate of some
lunar mare basalt glass.
A run product obtained in high-pressure melting experiments on a natural
garnet lherzolite from kimberlite and
one obtained in the system forsteritediopside-silica at 1 atm have been examined in detail. An electron beam with a
1-2 yum beam diameter and a specimen
current of 0.04—0.02 /xA were used for the
analyses.
Figure 231 A shows the variation of
MgO in glass near an olivine (F094)
crystal in an anhydrous run made at 10
kbar and 1375°C on a natural garnet
lherzolite from the Bultfontein kimberlite mine. The glass within approximately
8 /xin of the olivine crystal is significantly
depleted in Mg and enriched in Si (not
shown in the figure) . The maximum depletion of MgO is of the order of 30% of
the total amount present. The reason for
the presence of a maximum at about 8
/xm from the olivine crystal is uncertain.
Figure 231 shows that the glass more than
13 ^m away from the olivine crystal is
homogeneous and probably represents
quenched equilibrium liquid. In the system forsterite-plagioclase (An50Ab5o by
weight) -silica-H20, the hydrous glass
shows a similar compositional variation
near forsterite crystals (Kushiro. this
Report). The maximum depletion of
MgO in this hydrous glass is almost 50%
of the total amount, much greater than
that in the anhydrous glass. It is also
shown that the composition of the glass
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Fig. 231. A Variation of MgO in anhydrous glass near an olivine (Fosu) crystal. The run was
on natural garnet lherzolite at 10 kbar and about 1375°C with solid-media, high-pressure
tus Th< -'>lnl circle is the average of ten glass analyses made in an area far from crystals.
B Analyse s of MgO in anhydrous glass near a forsterite crystal. The run was made on the com- ion forsterite 30. diopside 60. silica 10 wt c/c at 1385° ± 2°C at 1 atm by the Geophysical Lab[Uenching technique. The solid circle is the average composition of glass reported previouslyKushiro,
I
19726).

more than 10 /xm away from forsterite
stals i- very close to that of the equilibrium liquid (Kushiro, this Report).
DepletioD of Mg and enrichment of Si
in the glass near olivine crystals can be
explained by overgrowth of olivine during the quenching of the runs, as suged by Green (1973a) and Cawthorn
ft al. 1 1973 i. Overgrowth of olivine was
not observed, however, in the runs examined. The thickness of the overgrown
olivine in the high-pressure experiments,
from the Mg depletion in glass,
is 0.2 jim, a layer too thin to detect either
by the electron microprobe or by the
microsci
Analyses were also made of glass
formed in a I-atm run that was made at
C with crystallized glass of the
sition forsterite 30, diopside 60,
silica 10 wi % and quenched into mercury at room temperature. Figure 231 B
shov
MgO variation near a forsterNb significant variation is
observed, i
ry near (within ~2/xm)
sterite crystal, indicating that the

rate of quenching was so rapid that no
detectable overgrowth of forsterite took
place. The composition of such glass
should be essentially the same as that of
the equilibrium liquid.
The rate of diffusion of cations in the
silicate melt may be estimated on the
basis of the depletion pattern shown in
Fig. 231A and in Fig. 23 (Kushiro, this
Report) . The average quenching rate in
the solid-media, high-pressure apparatus
with a half-inch furnace assembly is probably of the order of 200°C/sec between
1400° and 600°C. If the diffusion of cations continued for 3 seconds (1400° — >
800°C), the average rate of diffusion of
Mg and Si cations should be about 3 /xm/
sec.
Electron microprobe analyses have also
been made on a lunar basalt glass,
quenched against highland-type anorthositic gabbro breccia 77017,71. This basalt
glass contains euhedral olivine crystals.
Figure 232 shows the MgO variation near
an olivine crystal. Although the analyses
show considerable scatter, no significant
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Fig. 232. Analyses of MgO in mare-type glass
near an olivine crystal in Apollo 17 sample
77017,71. The vertical bar indicates the probable error of the analvsis.

depletion of MgO was observed, even
very near the olivine crystal. There may
be a zone depleted in MgO ; however, the
degree of the depletion is much less than
that observed in the high-pressure runs. It
appears that this lunar basalt melt was
quenched at a rate at least as fast as that
obtained in the laboratory apparatus
(i.e., >200°C/sec). It is possible, therefore, that the quenching rate of lavas
may be estimated by using the depletion
pattern in glass near olivine crystals.
A Technique for Quantitative Additton
of Some Gases to Sealed Capsules
Used in High-Pressure Equipment
Karlis Muehlenbachs and Bj0rn Myscn*

High-pressure experimental research
has been confined mainly to H20-rich
vapors because in most cases H20 is the
only relevant volatile component that can
be added quantitatively to an experimental charge. Carbon dioxide has recently
been used as a diluent of H20 (Holloway,
Burnham, and Millhollen, 1968; Yoder,
* Work carried out under a cooperative predoctoral fellowship program between the Geophysical Laboratory and The Pennsylvania
State University.

Year Book 68; see also Boettcher, Mysen,
and Allen, 1973, for discussion of the
thermodynamic behavior of H2O-CO2
mixtures
at high pressures).
Eggler
(1974) has shown, however, that CO2 by
itself affects the phase relations of silicate systems. Carbon dioxide also reacts
with the hydrogen that diffuses throng!)
the noble-metal capsule wall. Thus, the
use of C02-bearing vapors is limited to
high-/o„ conditions (Boettcher, Mysen,
and Allen, 1973), and consequently, the
use of C02 as a diluent of H^O has severelimitations. Another gas, such as one of
the inert gases, would be much better for
this purpose (e.g., Greenwood, 1961 1 .
A new technique was developed that
enables one to load any gas or any number of gases in known proportions to an
experimental charge as long as the gas
solidifies at temperatures higher than
that of liquid nitrogen (— 196°C). This
technique utilizes the vacuum line developed for isotopic analysis of carbonates
by McCrea (1950). Such a vacuum line
has several standard taper glass joints for
attaching ampules of the desired gas, cold
traps for distillation and purification of
the gas, and a manometer with a known
volume to measure the amount of gas
added. A metal capsule, 6 cm long and
sealed at one end, that contains the solid
sample is attached to a standard taper
glass joint by a Swagelock vacuum fitting, using Teflon ferrules. A leak-free
seal is thus readily made. This assembly
is attached to the vacuum line and evacuated. Ameasured amount of condensible
gas can be frozen into the metal capsule
by liquid nitrogen. Once the gas is frozen
in the capsule, its upper part is crimped
and cut off. The capsule is kept in liquid
nitrogen and placed in a standard carbon
arc welder (Yoder and Tilley. 1962).
While the gas is being loaded, care must
be taken that the gas freezes only in
the section of the capsule that is cut off.
The upper part of the capsule can be kept
warm with a soldering gun. It is also
helpful to increase the mass of the cap-
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sule during loading and welding to augment the transfer oi heat from the capsule to the liquid nitrogen. This effect is
achieved by wrapping the bottom part of
the capsule with Ft foil and wire.
Xenon (Xei can be used as a diluent
for other volatile components such as
COi, BF, H20, HC1, etc. The phase relations of any system as a function of the
activity of such components can be studied routinely with this technique. The
difficulties in using CO2 as a diluent of
H_.0. described above, can be avoided by
substituting Xe for CO2. This substitution has been made successfully in the
system En-FFO-Xe. Experimental results are forthcoming 1 Mysen and Muehlenbachs. in preparation).
High pressure may increase the rate of
exchange of oxygen between silicates and
oxygen-bearing gases (Clayton et al.}
1972 1 . With this same technique, a given
amount of C(\> of known isotopic composition can be added to a silicate that is
also of known isotopic composition. After
the experiment, the C02 can be recovered
by opening the capsule in a modified
high-vacuum needle valve that is attached to the vacuum line. The degree of
exchange can be calculated from the
change in oxygen isotope composition of
the CO2 and considerations of mass balance.
The method has been tested with the
systems Anm,Ab20 + C02 and Fo + C02
at 1280 -C and 20 kbar using a solidmedia press. The same systems have
been studied at 1 atm pressure at 1280°C
by Muehlenbachs and Kushiro (1974 and
Report). Forsterite exchanged oxygen about 3 orders of magnitude faster at
20 kbai than at 1 atm pressure. In the
system ArufAb2f, -f- C02 extremely rapid
isotope exchange also occurred at 20
kbar. but the charge had melted because
water and graphite had formed inside the
capsule by reaction of the C02 with H2
that diffused through the capsule wall.
The amount of water formed can be calculated from the changes in the isotopic
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compositions of the charge and the gas
and from the equilibrium isotope fractionation factors between graphite and
C02 and H20 and C02. Up to half of the
CO2 had been depleted during a 2-hour
experiment.
The preliminary experiments clearly
show that the technique of adding known
amounts of gases to high-pressure capsules will become invaluable in the
studies of vapor-solid and vapor-solidliquid interactions.
Friction Measurement in Solid-Media,
High-Pressure Apparatus
Jagannadham Akella

A limitation on the effectiveness of
solid-media, high-pressure apparatus for
studying phase equilibria has been the
uncertainty in accurately determining
the pressure on the sample because of
friction. The relationship between load
pressure on a piston and the pressure on
the sample is a complex function of friction between the cylinder wall and the
piston and also the mechanical properties
of the pressure medium. Williams and
Kennedy (1969) have suggested that the
hysteresis loops obtained from plotting
the piston displacement data for both
compression and decompression cycles as
a function of nominal or load pressure at
a given temperature could be used in determining the actual pressure on the
sample. The mid values of such hysteresis
loops corresponding to any nominal pressure will give the true pressure on the
sample.
In the present investigation the value
of friction was determined by monitoring
the piston displacement as a function of
pressure on compression and decompression cycles at 1400°C and was compared
with the friction value obtained by reversing the quartz +± coesite transition at
1000°C in piston-out and piston-in
quenching experiments. The apparatus
used in this study was that described by
Boyd and England (1960). Steel sealing
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Fig. 233. Nominal pressure versus piston displacement at 1400 °C

rings on top of the pistons were not used.
All experiments were conducted in new
pressure vessels fitted with WC cores, and
both cores and pistons had 6% Co binder.
The pressure assemblies were similar to
those described by Akella and Kennedy
(1971). Temperatures were measured
with Pt and Pt/10%Rh thermocouples,
and no correction for the effect of pressure on thermal emf was applied to the
temperatures reported in this investigation. Platinum capsules with tight lids
were used as containers. Starting materials for these experiments were 90%
quartz -f- 10% coesite and 90% coesite -f
10% quartz. Starting materials were
moistened with water to enhance the rate
of reaction.
Piston displacement measured at
1400°C is plotted as a function of nominal pressure in Fig. 233. It is evident
from the figure that the double value of
friction, which is defined by the width of
the hysteresis loop, is ~4 kbar at 20 kbar

nominal pressure and ~4.8 kbar at 35
kbar nominal pressure. Results for the
quenching experiments on the quartz ?=±
coesite transition at 800° and 1000 °C are
presented in Fig. 234. At 1000°C, the
quartz ±± coesite transition curve is located at 34 kbar for the piston-in experiments and at 31.5 kbar for the piston-out
experiments, and thus a value of 2.5 kbar
was obtained as the double value of friction from these quenching runs at 1000°C.
The discrepancy in the results from
both studies could be due to the hysteresis
in the pressure medium, which may have
failed to attain equilibrium before the
dial-gauge reading was taken in the piston monitoring experiments. Alternatively, itmay be due to pressure gradients
in the pressure medium that did not reverse symmetrically when the direction
of piston motion was changed. The present results suggest that if piston displacement hysteresis loops were used in evaluating the actual pressure on the sample,
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Fig. 234. The quartz ^ coesite transition from compression and decompression runs. Direction
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pressures could be overestimated for
piston-out runs and underestimated for
piston-in runs. Boyd et al. (Year Book
65. p. 412 1 studied the quartz ?± coesite
transition at 1400°C for both piston-in
and piston-out runs using a considerable
number of pressure vessels with new as
well as cracked WC cores. They reported
double values of friction ranging from 1
to 6 kbar. the maximum value being for

a pressure vessel with a badly cracked
and deformed WC core.
The value for the quartz ^± coesite
transition pressure obtained in the present study at 1000° C using a pressure vessel with a new core is 32.75 kbar. In a
similar study Boyd et al. (Year Book 65,
p. 412) reported 37.5 ± 0.2 kbar as the
transition pressure at 1400°C. These
values are plotted in Fig. 235. The equa-

P= 20.7 + 0.012 T
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dP
Co
dT es0.012
ite^^kbor/°C
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et al 65)
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_■ 23.5. Data on the quartz *=± coesite transition from the present study at 1000°C and that of
Boyd et al. (Year Booh 66, p. 412) at 1400°C.
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tion for the quartz ^± cocsite transition
curve, calculated using both data points,
is P = 20.7 + 0.01277, where P is in kilobars and T is in degrees centigrade. The
present study suggests that if greater acSTAFF

curacy in the estimation of the actual
pressure on the sample is required, a prossure vessel can be calibrated on the
quartz ?r± coesite transition and then used
for the unknown reaction.

ACTIVITIES

Conference on Chromium
On January 7-8, 43 scientists met at
the Geophysical Laboratory to discuss
the physico-chemical behavior and petrologic significance of chromium. The group
included participants from Canada, England, Germany, and Japan, and represented disciplines ranging from refractories technology, metallurgy, and
chemistry, to experimental and field mineralogy and petrology. The conference,
which was the first of its type to be devoted specifically to chromium, was supported by the Carnegie Institution of
Washington and organized by T. N.
Irvine (Geophysical Laboratory), J. S.
Dickey (Massachusetts Institute of
Technology), and G. C. Ulmer (Temple
LTniversity) .
Chromium is of special interest to industry and science because of its exceptional ability to form or concentrate in
chemically resistant and refractory
phases and because of its variable valence. The element is most familiar as a
protective, decorative metallic plating,
but by far its main uses are in hardening
and toughening steel and increasing its
resistance to corrosion, in the preparation
of high-temperature furnace linings, and
in the chemicals industry. In the geological sciences, chromium is estimated to
be the tenth most abundant element in
the earth and figures prominently in the
constitution of the mantle. Chromium
and the minerals it forms are known to be
important indicators of the physical and
chemical conditions accompanying formation of mafic and ultramafic rocks on
the earth and moon and in meteorites,
and they probably have much more influence on the compositions of magmas

generated in the upper mantle than one
would suspect from the abundance of
Cr in these magmas. The mineral chromite forms some of the world's most remarkable magmatic ore deposits.
But the properties of chromium that
make it of interest also make it difficult
to investigate, and only recently has it
become possible to attack in a meaningful
way many of the problems relating to the
element. The advances, however, have
been rapid. Methods for obtaining phase
equilibria, crystallographic, and thermochemical data are now developed to the
point that detailed studies of chromiumbearing systems are being carried out;
and improved analytical methods, such
as those utilizing the electron microprobe
and Mossbauer and absorption spectroscopy, are yielding large quantities of
high-quality data on Cr-bearing phases.
In view of this progress and given the
added consideration that domestic resources of chrome ore amount to only a
4- to 5-year supply, it was considered
urgent that specialists meet to integrate
the knowledge at hand and broaden perspectives.
The subjects dealt with included
phase equilibria studies of chromiumbearing systems; thermodynamic and
magnetic properties of chromium phases;
crystal-field stabilization of chromium
and its behavior at high pressures; processing of chrome ores in refractories technology and metallurgy; and distribution
and significance of Cr and Cr minerals in
various kinds of ultramafic rocks, kimberlites, lunar rocks, and meteorites. The
pace of the conference was strenuous,
with participants frequently staggering
under the load of strange terminology
and unfamiliar concepts imposed by the
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mixing oi disciplines, but the trek provided an exciting overview of problems.
achievements, and discoveries (and featured some colorful flights of fancy).
Particularly apparent was that, although
many basic problems are still to be resolved, our understanding oi Cr-bearing
systems has greatly improved, and we are
entering an era in which these systems
can be used in a quantitative way to
attack a variety oi geological problems of
much broader interest. Papers arising
from the conference are to be published
jointly in an early issue oi Geochimica et
1 - mochimica Acta.
Participants in the conference were:
I A.bs-Wurmbach (Ruhr- Universitat Bochum), P. M. Bell (Geophysical Labora>. M. L. Bird (U.S. Geological Survey), X. L. Bliss (McGill University),
1". R. Bovd iGeophvsical Laboratory),
T. E. Bunch
(NASA,
Moffett Field),
R. (i. Burns {Massachusetts Institute of
hnology) , E. N. Cameron (University
of Wisconsin, Madison), L. S. Darken
(Pennsylvania State University), J. S.
Dickey
(Massachusetts
Institute
of
-vi. J. Downing
(Union Carbide i. A. El Goresy (Max-Planck-Instituti. B. W. Evans i University of Washon), S. Haggerty
(University
of
Massachusetts) . G. R. Himmelberg (Uni:ry of Missouri),
P. Henderson
(Chelsea College, University of London),
H. G. Huckenholz (Geophysical Laboratory i.T. N. Irvine (Geophysical Laboratory.. P. Jakes i NASA, Houston), J.
Malpas
(Memorial
University), I. D.
Gregor
(University of California,
!) ris), L. G. Medaris
(University of
Wisconsin, Madison), H. 0. A. Meyer
• Purdue University), II. Mikami (InterMinerals and Chemical Corporation), A. Muan
(Pennsylvania State
University), A. J. Naldrett (University
ol Toronto) . A. Navrotsky (Arizona State
Uni. E. Olsen (Field Museum of
iral History), E. F. Osborn (Geophysical Laboratory i , R. H. Radzilowsky
(University of Michigan), M. Robbins
(Bell Laboratories), P. L. Roeder (Queen's
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University). F. C. Schwerer (U.S. Steel),
D. F. Strong (Memorial University), V.
Stubican (Pennsylvania State University). S. Somiya (Tokyo Institute of
Technology), f. P. Thayer (U.S. Geological Survey) , G. C. Ulmer (Temple
University), D. Virgo (Geophysical Laboratory), P.Wasilewski (Goddard Space
Flight Center), J. White (University of
Sheffield). W. B. White (Pennsylvania
State University), and H. S. Yoder, Jr.
(Geophysical Laboratory).
Penologists' Club
Five meetings were held during the
sixty-third year of the Penologists' Club.
The lectures presented were:
"Stability of grandite garnet solid solutions at low pressure," by H. G. Huckenholz (University of Munich) , December 4, 1973.
"Influence of redox state of fluid on
sulfur, carbon, oxygen, and hydrogen isotopic compositions of minerals," by H.
Ohmoto (Pennsylvania State University),
January 29, 1974.
"Paleogeotherms, peridotite facies, and
plumes," by M. J. O'Hara (Edinburgh
University) , March 26, 1974.
"The Muskox intrusion," by T. N.
Irvine (Geophysical Laboratory), May
14, 1974.
"Experimental approach to the problem of magma genesis: ten-year effort,"
by I. Kushiro (Geophysical Laboratory),
June 18, 1974.
Washington Crystal Colloquium
The Washington Crystal Colloquium,
an informal organization of crystallographers from the Washington area,
met six times during the report year. The
following lectures were presented:
"Determination of configuration and
energetically accesssible conformations of
bicuculline, a convulsant and nerve transmitter antagonist," by R. D. Gilardi
(Naval Research Laboratory) , October
26, 1973.
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"High-resolution, three-dimensional
structure of the FAB fragment of a human immunoglobulin," by Roberto J.
Poljak (Johns Hopkins School of Medicine), December 7, 1973.
"Determination of interatomic interactions in complex ionic crystals from
structural and lattice dynamical data:
Gd4 (Mo04)6 and Ca10 (P04)6 F2," by
L. Boyer (Naval Research Laboratory),
January 18, 1974.
"Structural studies on inter-ligand interactions inmetal purine complexes," by
T. J. Kistenmacher (Johns Hopkins University), March 1, 1974.
"The structure of antigen-binding immunoglobulins," byDavid Davies (National Institutes of Health) , April 19,
1974.
"Electronic structure of quartz," by
J. A. Tossell (University of Maryland),
May 17, 1974.
Seminar Series
The regular seminar series met 22 times
during the report year. The speakers included invited guests, Staff Members,
and Fellows. The following lectures were
presented :
"Geochemistry of recent Icelandic basalts," by G. Sigvaldason (University of
Iceland) , September 24, 1973.
"Pyroxenes of the alkali basalt suite of
Hocheifel, Germany," by H. G. Huckenholz (Mmeralogisch-Petrographisches
Institut, Munich) , November 1, 1973.
"Recent studies in the structural relationships and exsolution phenomenon in
pyroxenes," by N. Morimoto (University
of Osaka) , November 19, 1973.
"Condensation and aggregation of type
II carbonaceous chondrites," by E. Olsen
(Field Museum of Natural History, Chicago)November
,
29, 1973.
"Neutron capture and the mixing rate
of the lunar regolith," by D. S. Burnett
(California Institute of Technology),
December 5, 1973.
"Chemical potential gradients of volatile components in metamorphic rocks,"
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by D. Rumble (Geophysical Laboratory), January 17, 1974.
"Trace element partitioning by particle
track methods: Plutonium in the early
solar system," by M. G. Seitz (Geophysical Laboratory), January 4, 1974.
"Behavior of Ni and CO in sulfide minerals," byV. Rajamani (State University
of New York at Stony Brook) , January
29, 1974.
"Mossbauer study of Fe-bearing minerals up to pressures of 200 kilobars," by
F. Huggins (Massachusetts Institute of
Technology) , February 12, 1974.
"The activities of H20, C02, and CL as
variables in partial melting of peridotite
and garnet websterite in the upper mantle," by B. 0. Mysen (Geophysical Laboratory), February 21, 1974.
"The origin of the cinnebar deposits,
Almaden, Spain, and Indija, Yugoslavia,
and the livingstonite deposits at Huitzuco
Guerrero, Mexico," by G. Tunell (University of California, Davis), February
22, 1974.
"Stability of sapphirine and kornerupine," by F. Seifert (Bochum University),February 28, 1974.
"Primary magmas (major element
consideration) ," series of four lectures,
by M. J. O'Hara (Edinburgh L^niversity), March 13, 1974.
"Enstatite-grossularite-H20 at 10
kbar," by C. Ford (Edinburgh University)March
,
14, 1974.
"Experimental investigations of lunar
volcanism," by David Walker (Harvard
University) , April 4, 1974.
"Skaergaard Intrusion revisited." by
A. R. McBirney (University of Oregon).
April 15, 1974/
"Some aspects of orogenic volcanism"
by A. R. McBirney (University of Oregon), May 10, 1974.
"Plate tectonics and submarine igneous
intrusion," by M. L. Keith (Pennsylvania
State University), May 15, 1974.
"CaO-MgO-Al203-Na20-HoO at 5 kbar
— amphibole stability and andesite magma
generation," by R. G. Cawthorn
(Me-

612

CARNEGIE

morial University, Newfoundland), May
29, 1974.
Field Studies
J. Akella collected kimberlite samples
from the Wajrakharur and Pannah regions of India and basalt samples from
the Deccan Trap plateau. He also spent
some time in the Anantapnr District with
a mineral exploration party of the Geological Survey of India.
F. R.Boyd spent six weeks in east Africa
and South Africa collecting mantle rocks
from a variety of kimberlite pipes. Visits
were made to the Williamson Diamond
Mine in Tanzania and to the Orapa pipes
in Botswana through the courtesy of the
De Beers Consolidated Mines, Ltd. Dr.
P. H. Nixon provided an opportunity for
him to visit and sample the Ngopetsoeu
pipe in Lesotho and the nearby Monastery Mine in South Africa.
In the latter part of September and
early October 1973. F. R. Boyd, D. H.
I ggler, and H. S. Yoder, Jr., participated
in field trips held in conjunction with
the First International Kimberlite Conference. These especially rewarding trips
included visits to the famous Premier
Diamond Mine, to many diamond-bearing pipes in the Kimberley area, to the
Monastery Mine, and finally to a remote
group of kimberlite localities in the highlands of Lesotho.
F. Chaves participated in a three-day
excursion to Mount Etna held in conjunction with an October lecture session on
"Volcanism on earth and in the solar sysat the Ettore Majorana School at
Knee. tem"Sicily.
1). H Eggler took part in a field trip
to the Hopi Buttes volcanic field and the
Buell Park kimberlite pipe in Arizona.
The trip, which took place in May, was
sponsored by the Kooky Mountain Section of the Geological Society of America.
J. I. Hedges and T. C. Hoering joined
an oceanographic cruise on the R. V.
Longhom of the University of Texas in
October, 1973. Surface sediments and

INST1T

U T10N

water samples were collected in the Atchafalaya River, Louisiana, and adjoining Gulf of Mexico for the deuterium and
organic geochemical studies described in
this Report.
F. N. Hodges spent part of July and
August in Montana examining and sampling alkaline intrusive and extrusive
rocks of the Highwood and Bearpaw
Mountains.
I. Kushiro participated in a May field
trip to volcanic rock areas in southcentral France held under the auspices of
the University of Paris and the Geological Association of Southwest France.
The trip provided an opportunity to collect a series of alkalic rocks and associated peridotite inclusions.
T. N. Irvine spent July and August
doing field work for the Geological Survey of Canada in north-central British
Columbia. Working in conjunction with
a larger, helicopter-supported operation
directed by H. Gabrielse of the Canadian
Survey, Irvine had an opportunity to
examine and map a variety of ultramafic
bodies and a well layered gabbro intrusion.
T. E. Krogh continued his program of
dating rocks in Ontario. In the Sudbury
district he collected material from the
Nickel Irruptive and from a greenstone
belt with associated plutonic rocks lying
to the north, in collaboration with K.
Card of the Ontario Division of Mines.
In the Kirkland Lake area he collected
samples of Nipissing diabase in consultation with H. Lovell, also of the Ontario
Division of Mines. In the Mattawa area
he and S. Lumbers of the Royal Ontario
Museum investigated geological problems
critical to dating Grenville events.
K. Muehlenbachs journeyed to Idaho
in August to join G. T. Stone, who was
conducting a field study sponsored by
the U.S. Geological Survey, to examine
and sample for isotopic analysis xenolithic basalt flows in the Snake River
Plain and the rhyolitic extrusions of Big
Southern Butte.
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Y. Nakamura visited Tahiti, while en
route to Washington from New Zealand,
to collect volcanic and plutonic rocks of
the Tahitian alkali-rock series.
E. F. Osborn went to Laramie and
Hanna, Wyoming, in the company of
P. H. Abelson of the Carnegie Institution
and T. A. Henrie and W. L. Crentz of the
U.S. Bureau of Mines to participate in a
field conference on underground gasification of coal. He also made a trip to the
smelter of the Bunker Hill lead mine in
the Coeur d'Alene mining district of
Idaho, accompanied by C. Rampacek and
others of the U.S. Bureau of Mines, to observe operation of a new pilot plant designed by the Bureau for removing S02
from smelter-stack gases.
Exhibits
A new series of exhibits highlighting
geochemical and geophysical research at
the Geophysical Laboratory was displayed at the Annual Board of Trustees
Meeting held at the Administration
Building of the Carnegie Institution of
Washington. The central theme was newly
discovered phenomena related to the deep
earth's interior. Diamond-bearing rocks,
chondrite compositions, and electronic
behavior of minerals under high pressure
were featured in illustrations of the
earth's core and mantle. Separate panels
described research on deep-sea sediments,
the role of water and carbon dioxide in
igneous processes, and techniques in
radioisotope dating of rocks. A specialinterest exhibit contained a 350-lb. sample of kerogen-rich dolomitic limestone
("oil shale") under study from the Green
River formation, Rifle, Colorado.
Lectures
During the report year Staff Members
and Fellows were invited to present lectures and participated in symposia and
other extracurricular activities as follows:
J. Akella lectured at the following institutions in India: the National Geo-
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physical Research Institute at Hyderabad; the Department of Geological
Sciences of Mysore University; the Department of Earth Sciences of Andhra
University; and the Geology Department
of the University of Ujjain.
R. J. Arculus addressed a seminar at
the Department of Terrestrial Magnetism and the Geological Society of
Washington.
P. M. Bell lectured at the Geology
Department, State University of NewYork at Buffalo; the Physics Division.
National Bureau of Standards; and the
Chemistry Department, University of
Maryland. He served as a member of
the NASA Lunar Sample Analysis Planning Team and the NASA Advisory
Panel, as well as Editor of the U.S. National Report on Geophysics for the
American Geophysical Lmion.
F. R. Boyd, Jr., lectured on kimberlite
nodules and the petrology of the earth's
mantle at the Mwadui Engineering Society, Tanzania ; the Department of Geology at the Massachusetts Institute of
Technology; the Department of Geology
at Cornell LTniversity; and the American
Geophysical Union. He was elected in
April to the National Academy of Sciences and is associated with the Section
of Geology.
F. Chayes was one of the lecturers at
the Ettore Majorana School on the topic
"Volcanism on earth and in the solar
system," at Erice, Sicily, October 7-20.
1973. At Erice, Dr. Chayes gave three
lectures on the design and operation of a
data base and information system for
essential elements of igneous rocks. Then
he was a guest of the Department of Petrology and Petrochemistry of the University of Madrid, where he conferred
with Spanish and Portuguese colleagues
and lectured before the Instituto Lucas
Mallada.
D. H. Eggler delivered lectures on
Rocky Mountain kimberlites to the geology departments at the University of
Colorado, Colorado State University, and
Arizona State University.
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L. W. Finger lectured to the Cosmo- Geology Club of Queens University and
chemistry Section oi the Max-Planck- the Geological Society of AVashington.
[nstitut fur Kerophysik at Heidelberg, I. Kushiro addressed the Department
Germany, and the Department of Geol- of Geochemistry and Mineralogy, Pennat the University of Indiana.
sylvania State University; the Labora.1. D. Frantz gave invited talks on toire de Petrographie,
Universite de
"Mineral solution equilibria" and "In- Paris; and the Conference on Volcanism
filtration metasomatism" to the Depart- and Associated Phenomena held at Aurilment oi Geosciences, University of Ari- lac, France. He also gave an invited leczona. and the Division of Geological and ture at the Symposium on Melting PhePlanetary Sciences, California Institute nomena in Igneous and Metamorphic PeTechnology.
trology
held
at Kent.
Ohio,
and
P. E. 11 arc gave an invited paper at the participated in the 36th Annual Meeting
Symposium on the Diagenesis of Sedi- of the Meteoritical Society held at Davos,
mentary Matter during the Quaternary Switzerland.
at the Geological Society of America H. K. Mao lectured at the Mineralogmeetings in Dallas. He also lectured at ical Institute, University of Kiel, Gerthe University of South Carolina, the many; and the Institute of Mineralogy,
University of Colorado, the University of University of Heidelberg, Germany. He
Waterloo (Ontario) . the Geological Sur- also participated in the Petrophysics
vey of Canada, the Medical School at the Conference
of the NATO
Advanced
University of Kentucky, the Washington Study Institute at the University of NewChromatography Discussion Group, and castle-upon-Tyne, England.
Sigma Xi Chapters at Fort Belvoir K. Muehlenbachs gave an invited talk
and the University of Miami.
on "Oxygen isotope ratios in Icelandic
T. C. Hoering served as Chairman of rocks: Their variations in nature and
( roldschmidt Medal Committee of the their susceptibility to change" at the
( ;• ochemical Society, and as Chairman of Department
of Geological
Sciences,
the Nominating Committee of the Or- Brown University.
ganic Geochemical Division of the Geo- E. F. Osborn presented the Henry Darchemical Society.
win Rogers lecture at the University of
T. N. Irvine lectured on the Duke Pennsylvania on the subject, "Coal and
Island ultramafic complex to the Geology the present energy situation"; gave an
Departments of the University of Penn- address on "The role of earth science" at
sylvania and the George Washington the dedication of the new earth sciences
University. He also presented a seminar building, Wilkinson Hall, at Oregon State
on the Muskox Intrusion to the Depart- University; made an acceptance speech
of Geological Sciences at the Uni- on receipt of the Hal Williams Harding
ty of Wisconsin.
award of the Society of Mining EngiT. E. Krogh gave a lecture on "Iso- neers, AIME; gave an invited lecture at
- in the Grenville Province — a Harvard
University's Geological SciSymposium on the Grenville ences-Economics interdepartmental semOntario; a lecture on "Pri- inar; and presented the principal address
and the age of metamorphism on coal at the Purdue Energy ConferFrench River area of Ontario" at ence of 1973. He also presented an adthe Ontario Division of Mines, Toronto; dress on "A view from the Potomac" at
and a talk on "Direct dating of the time the dedication ceremonies for the Noll
nigmatization by U-Pb analyses of Laboratory for Human Performance Remetamorphic zircons" at the University search, The Pennsylvania State Univerof Toronto. He also addressed the Miller sity, and returned to this university to
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talk before the Pennsylvania Ceramic
Association's annual meeting on the subject, "Material resources — national picture," and returned again for a talk at
the "Consortium on Coal Energy and the
Environment in 1980" on the general
subject of coal utilization research and
methane removal from coal. Dr. Osborn
attended meetings of the Pennsylvania
Science and Engineering Foundation
Board (Commonwealth of Pennsylvania,
Harrisburg, Pa.) ; the Pennsylvania Research Corporation Board of Directors
(Pennsylvania State University) ; the
Geisinger Medical Center Board of Directors, Danville, Pa.; the Board of Directors ofthe Institute for Medical Education and Research at Geisinger Medical
Center; and the Consultants to the Science and Technology Policy Office of the
National Science Foundation. Osborn
served as chairman of the Solid Waste
and Land Use Panel of the Navy Environmental Protection Program Study
Group of the NAE Committee on Environmental Engineering; participated as
chairman of Sessions on Non-Removable
Resources and on Unconventional Resources of the Joint NAS-NAE meeting
on National Materials Policy; and attended faculty committee meetings and
served as consultant to President Derge
of Southern Illinois University on organization of the university for research. He
served as a member of the U.S. National
Committee on. Geology; as chairman of
the AGI search committee for a new
Executive Director; and as a member of
the College of Engineering Advisory
Board of the University of California, at
Berkeley.
D. Rumble III gave an invited lecture
on "Gibbs phase rule and its applications
in geochemistry" at the Centennial of
Gibbs' Thermodynamics organized by
the Washington Academy of Sciences.
M. G. Seitz presented a seminar in
September 1973 at the Los Alamos Scientific Laboratory on the proposed study of
trace distribution of thorium in meteorites and igneous rocks by meson activa-
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tion using the Los Alamos Meson Facility. The experimental methodology was
confirmed in March 1974 in the first
series of experiments performed with the
meson facility. He served as chairman
of a particle registration session at the
Spring American Nuclear Society Meeting in Philadelphia, where he presented
an invited paper entitled, "U, Th, and
Plutonium fractionation in geologic systems: early Pu/U abundances in meteorites"; and participated in the 36th Annual Meeting of the Meteoritical Society
at Davos, Switzerland.
H. S. Yoder, Jr., gave invited lectures
at a meeting of the Geological Society of
South Africa and at the University of
Witwatersrand in Johannesburg, Republic of South Africa. A brief talk on the
"Relationship of melilite-bearing rocks to
kimberlite: the system akermanite-C02"
was given at the Kimberlite Conference
held at the University of Cape Town. He
also presented lectures at the L niversity
of Tennessee, Knoxville, Tennessee, and
the University of New Mexico and the
Sandia Corporation at Albuquerque. New
Mexico. In addition, major lectures were
given as a guest of the Academy of Science of the U.S.S.R. at the Lomonosov
State LTniversity and the Vernadsky Institute inMoscow, the Institute for Geology and Geophysics at Novosibirsk and
the Institute of Geochemistry and Physics of Minerals at Kiev. Formal "conversations" were also conducted at the
Vernadsky Institute, Moscow, and at the
Institute of Precambrian Geology and
Geochronology in Leningrad. Yoder served
again on the Evaluation Panel for the Inorganic Materials Division of the Institute for Materials Research, National
Bureau of Standards, and Geosciences
Panel for the Los Alamos Scientific Laboratory. He was active in the work of the
National Academy of Sciences serving as
Chairman of the Section of Geology, on
the Executive Council of the Division of
Earth Sciences of the National Research
Council, the Executive Committee of the
Assembly of Mathematical and Physical
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Sciences, the Auditing Committee, the
ort Review Committee, and the Class
Membership Committee. He is a member of the U.S. National Committees for
Geology and for Geochemistry, and continues to be chairman of the Financial
Advisory Committee of the Mineralogies! Society oi America.
Visitors from the Grant Institute of
Geology, Edinburgh University, Scotland, were G. M. Biggar, who gave a
seminar on quenching problems and
microprobe analyses of glasses in experimental charges; C. E. Ford, who gave a
seminar on the join CaaAlaSiaO^MgSi03-H20

at

10* kbar;

and

M.

J.
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(VHara, who gave two seminars on primary magmas and the evolution of basalts, three seminars on the origin of high
titanium lunar basalts, low titanium
lunar basalt and associated experimental
problems, and the evolution of lunar
highland rocks. (VHara also took part in
a group presentation of recent work in
peridotite-water-C02 systems (with I.
Kushiro, D. Eggler, and B. Mysen) ; addressed the Penologists' Club on "Paleogeotherms, peridotite facies and plumes";
and gave a seminar at the Department of
Terrestrial Magnetism on sources of
mantle inhomogeneity and sites of magma production.
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INTRODUCTION
In the Introduction to last year's An- continuously renewable energy source on
nual Report of the Director of the De- earth, the demand for a broad knowledge
partment of Plant Biology, retiring of the ways in which plant- convert it
Director Dr. C. S. French presented a into forms directly usable by mankind
brief history of the Department since its becomes increasingly urgent.
inception in 1905 as the Desert Labora- In addition to continuing support for
tory. The modesty of the Report, how- photosynthesis and physiological ecology,
ever, obscures Dr. French's extraordinary already effectively and synergistically
role in welding together two such dis- merged, it is the present Director's intenparate fields as experimental taxonomy tion to build a third field into the existing
and photosynthesis. During his more than structure: plant development. Adaptatwenty years' tenure as Director, he tion to a stressful environment, for exmolded not only a world center for re- ample, can only be understood through a
search in photosynthesis but also a world study of mechanisms throughout the life
center for research in physiological plant history of a plant. Investigations of faeecology, the latter a logical outgrowth of tors influencing seed germination on the
the experimental taxonomy program, one hand and of photosynthesis of maEven a cursory glance through the list ture leaves under environmental stress on
of research fellows and visiting scientists the other can yield only a partial picture.
over these years reveals that an impres- Since light, operating not only through
sive number of major figures in both photosynthesis but through other mechafields have spent productive time at the nisms as well, plays a central role in all
Department of Plant Biology. Such a stages of plant development, and since
record presents a formidable challenge the present common focus of interest in
to the new Director.
the Department is plant photobiology.
Just as Dr. French rightly felt com- it seems particularly appropriate to
pelled to look back in his final Report, broaden the laboratory's program to inthe present Director feels urged to look dude fundamental research in the photoforward. He has inherited sound pro- biology of development. With photobigrams in photosynthesis and experi- ol°gy a common thread, the molding of
mental plant ecology, both fields in which interests so effectively accomplished by
much important pioneering work re- Dr- French can P^haps be further
mains to be done. Our knowledge of the strengthened and widened,
Department's mevolution in A component of the
precise mechanism of oxygen is
by the
exemplified
brilliantly
terests
its
in
still
photosynthesis, for example,
and
infancy, as is our knowledge of the studies of Clausen, Keck, and Hiesey
evolution,
mechanisms controlling plant productiv- their man>r co-workers is plant
have
stress
to
adaptations
Physiological
ity. In a time of declining support for
basic research in the plant sciences over- an evolutionary history. Photosynthetic
all, particularly for photosynthesis, the mechanisms have an evolutionary hisDepartment's role becomes a particu- toiT- Developmental patterns have an
larly important one, both in carrying evolutionary history. An understanding
forward the research programs in these of this history and the mechanisms underfields and in continuing the training of lying it is yet another parameter one must
younger investigators through the fellow- include for a reasonable comprehension
ship program. With solar energy the only of the ways in which plants grow, adapt.
645

646
and photosynthesize. The Department is
therefore pleased to announce the appointment, as oi July 1. 1974, oi Dr,
William F. Thompson, who is currently
developing and using the powerful tools
oi nucleic acid hybridization for the study
both oi developmental and oi ecological
and evolutionary problems. It is our
expectation that Dr. Thompson's unique
combination oi interests and abilities will
ride further cross-linking of holds
within the Department.
During the spring of 1974. extensive
physical alteration of the Department's
laboratories was initiated. Entirely new
structures will house modern facilities for
plant biochemistry and physiological
ecology as well as for important service
functions such as the machine and woodworking shops and electronics. The existing building is being remodeled to accommodate offices on the second floor.
library and administrative functions on
the first, and completely remodeled dark
laboratory space for plant pigment
studies in the basement. By March of
197") the new facilities should be ready
for use.
Among the new facilities will be a seminar room, perhaps symbolic of the Department's regard for the importance of
its teaching function. In this connection,
the seminar room will house a joint plant
science seminar, organized as in the past
in collaboration with the strong group
of plant scientists in the Department of
Biological Sciences at Stanford University. It is the Director's hope and expectation that plant science both within
the Carnegie [nstitution and within Stanford University will be substantially
ngthened by increasing interaction
' wo groups at the predocstdoctoral, and staff levels. This
for the first time the Department
- made available a modest graduate
fellowship program for students in experimental botany a< Stanford.
Despite the extensive disruption caused
nor only by the building program but by
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a change in Directors (with the new Director on leave of absence for a year),
the past year has been very productive
scientifically. Since the Director was not
physically present during most of the past
year, he is relying heavily on the kind assistance of Drs. Fork and Bjorkman in
presenting much of the scientific summary which follows.
Over the past twenty years, Dr. French
and his collaborators have shown that all
plants contain at least four forms of
chlorophyll a, absorbing light of slightly
different wavelengths. Work to fractionate cells and chloroplasts to obtain preparations enriched for these forms has been
in progress in the Department for some
years. Recently, Dr. Philip Thornbcr at
UCLA has devised procedures for extracting detergent-soluble chlorophyll
complexes from leaves or from algae. He
has characterized two of these complexes
either as light-harvesting or reactioncenter chlorophyll protein. Dr. Brown, of
the Department, has been working alternate weeks in Dr. Thornber's laboratory preparing the complexes from various plants for measurement and spectral
analysis at the Stanford laboratory.
Since the particles may be relatively undamaged, it should now be possible
through biochemical, photochemical, and
ultrastructural studies to provide a better understanding of how the photosynthetic apparatus works.
Though officially retired, Dr. French
is continuing his studies attempting to
relate the various forms of chlorophyll
with the two light reactions of photosynthesis. The unraveling of the contribution of each of the various forms of
chlorophyll to these reactions can best be
accomplished by the careful comparative
study of action and absorption spectra
both in whole and in partially fractionated chloroplasts, something which he is
uniquely capable of doing.
The two light reactions of photosynthesis, needed to remove electrons from
water and use them to reduce carbon
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dioxide to carbohydrate, are apparently
in some sort of dynamic equilibrium, and
can change rapidly in response to varying light conditions in the environment.
Dr. Fork, together with Dr. John Troughton, a postdoctoral fellow from the Department of Scientific and Industrial
Research (DSIR) of New Zealand, has
been studying the influence of light conditions on the efficiency of these two
reactions. The highest rate for one of
them occurs in dark-adapted plants. Exposure of such a plant to bright tight
decreases the efficiency of this reaction by
50 to 80%, while increasing that of the
other step by about 60%. These efficiency
changes were found to be rapid (occurring within several minutes) and reversible. They were seen in a number of
different plant species. This kind of study
should lead to a much better understanding of how plants can organize their
photosynthetic apparatus to maximize
utilization of various qualities and
quantities of light available in the
environment.
Dr. Fork, Dr. Tetsuo Hiyama, a postdoctoral fellow, and Mr. Glenn Ford have
almost completed a spectrophotometry
apparatus that will enable them to
measure more rapid spectral changes than
was previously possible, as well as to
extract very small signals from instrument noise. This system is being interfaced with a computer to handle the large
volume of data that necessarily arises and
to eliminate any potential human bias.
At present, the system has been applied
to three major problems: (1) further
characterization of P430, a new lightinduced absorption change discovered by
Hiyama that is apparently produced by
the primary electron acceptor of system
1 of photosynthesis; (2) a study of the
interaction of P700, plastocyanin, and
cytochromes in photosynthetic electron
transport; and (3) a study of very small
subcellular particles isolated from a bluegreen alga. This latter study, a collaboration between Dr. D. I. Arnon of the
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University of California at Berkeley and
Drs. Fork and Hiyama, could be of great
value, since Dr. Anion ha.-; shown that
these particles have all of the photosynthetic reactions intact and can oxidize
water and reduce pyridine nucleotides.
Dr. William II agar, a postdoctoral Fellow, and Dr. Nobs have been studying a
little-known photolabile, water-soluble
chlorophyll-protein complex through the
life cycle of Atriplex hortensis. This
complex shifts its red absorption maximum from 668 nm to 743 rim when illuminated in the presence of oxygen.
Fluorescence studies indicate that a protein conformational change, at least in
the environment of tryptophan, accompanies the spectral change. During development the amount of the complex increases in stems, appearing in the leaves
for the first time with the onset of flowering. Though this chlorophyll-protein has
been found in a number of plants, its role
in plant metabolism remains to be defined. Its sensitivity to light quality suggests that, like phytochrome, it could
function in some way in plant photomorphogenesis, a hypothesis still requiring testing.
Drs. Bjorkman, Nobs, and Berry, with
Dr. Bruce Mahall, a postdoctoral Fellow,
are studying the physiological mechanisms which underlie the ability of certain plants to grow in extreme environments and are attempting to determine
the genetic basis for these adaptations.
Transplant gardens have recently been
established on the hot and arid floor of
Death Valley and on the cool northern
California coast. These gardens, together with new controlled-growth facilities, provide a wide range of possibilities
for studying processes such as photosynthesis and plant productivity under a
wride range of contrasting environments.
A computer-based mobile laboratory can
serve all three facilities.
A plant currently under investigation
is Tidestromia oblongifolia. A native of
Death Valley, this plant reaches maxi-
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rates of growth and photosynthesis

at temperatures in excess of 45°C and
doubles its dry matter content in only
2 '•_ lays. By contrast, this plant is unable to grow at temperatures below 20°C.
Further
laboratory
studies
include
comparative investigations of the comnt reactions oi photosynthesis and
oi the particular biochemical pathways
- I to fix carbon dioxide, and the temperature stability of certain key enzymes
and other cellular components. The inheritance ofthe four-carbon pathway for
carbon fixation in photosynthesis, of
g at importance for productivity in hot
and arid environments, is also beingstudied in hybrids obtained by crossing
plants that possess this pathway with
those that lack it.

INSTITUTION

Reau< postdoctoral and predoctoral students, respectively, with Hertel, he has
been examining several yellow membrane
fractions isolated from dark-grown corn
seedlings. Though the evidence is not yet
definitive, it seems likely that the photoreceptor pigment is a flavoprotein, and
may be located in the outer or plasma
membrane of the corn cells. Both in the
endoplasmic reticulum fraction and in
the presumed plasma membrane fraction
are found not only flavoproteins but also
a cytochrome spectrally very similar to
cytochrome 65. In the endoplasmic
reticulum fraction, the cytochrome is
readily reduced by NADH (reduced
pyridine nucleotide) , but in the presumed plasma membrane fraction it is
not. This latter fraction, however, possesses an electron-transport chain from
XADH to oxygen, a reaction which is
cyanide resistant. It is inhibited by carbon monoxide, an inhibition which is
light reversible, and may well represent
the well-known cyanide-resistant respiration of plants, previously thought to
reside in the mitochondria. Localization
of this system in the plasma membrane
could have considerable importance not

There is yet another pathway for
carbon dioxide fixation, so-called Crassulacean Acid Metabolism, long known to
occur in succulent plants such as cacti.
Studies by Dr. Bjorkman and Dr. Barry
O>mond of the Australian National Unisity suggest that this pathway has
features in common with both the threeand the four-carbon pathways found in
photosynthesis. Studies done by Drs.
Berry and Troughton, together with Dr.
H. Mooney of Stanford University, suggest that this pathway may be a component enabling plants that possess it to
endure long periods of drought.
Drs. Berry and Troughton have also
conducted studies on the fractionation of

only for our understanding of blue-light
mediated responses, but for a wide variety of transport phenomena as well.
Though it is probable, by analogy, that
a flavoprotein passes electrons from
NADH to the cytochrome (perhaps with
other carriers) , this hypothesis has not

rarbon isotopes during the process of
carbon assimilation. This research provides a theoretical foundation for a techwridely used to determine which
pathway a plant used to fix carbon.
Dr. Briggs spent the year with Prossor Rainer Hertel, University of Freiburg. Germany, .-tudying the problem of
photoreceptor responsible for a large
nber of photomorphogenic responses to
blue and long-wavelength ultraviolet
light in higher plant.- and fungi. Toier with Dr. A. Jesaitis and Ms. P.

yet been rigorously tested. In the presence of flavin mononucleotide, blue light
induces as much as a 50% increase in the
rate of NADH oxidation during a following dark period, an increase which persists for some minutes following, for example, two minutes of irradiation. In
view of the results to date, the pigment
complex seems a reasonable candidate for
the role of blue-light photoreceptor in the
many blue-sensitive reactions, though a
definitive relationship has not yet been
established.
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510 NM LIGHT-INDUCED ABSORBANCE
CHANGES IN HIGHER-PLANT LEAVES
John H. Troughton and David C. Fork

An integrated understanding of carbon
metabolism in leaves and how this process is influenced by the environment is
made more difficult by the lack of techniques to monitor electron transport continuously in leaves in a manner analogous to water- vapor exchange, carbon
dioxide exchange, or carbon translocation. Measurements of redox changes of
P700, cytochrome / or plastoquinone are
difficult to observe in vivo in leaves of
higher plants, and this difficulty has restricted routine use of these techniques
to monitor genetic variation in electron
transport and the effects of water stress,
light, temperature, oxygen, nutrition, or
carbon dioxide on intermediary reactions
in photosynthesis.
But substantial light-induced absorbance changes in leaves of higher plants
can easily be observed around 518 nm,
suggesting that if more were known about
the cause of these changes at this wavelength, they could be utilized. The 518
nm change involves chlorophylls a and b
and probably also the carotenoids (Fork
and Amesz, 1970; Witt, 1971) and has
been seen in higher plants and green
algae. Action spectra have shown that
the change is produced upon the functioning of both photosystems of photosynthesis. For example, in the green alga
Ulv a the 510 nm change persisting after
the addition of the system 2 inhibitor
DCMU (Fork et al, 1967) was shown to
be sensitized by system 1, as the action
spectrum for this change closely matched
that for cytochrome / oxidation, a wellknown system 1 reaction (Duysens et al.,
1961). On the other hand, the action
spectrum obtained in Ulv a with strong
system 1 background light wras like that
expected for system 2 and had a maxi-

mum in the 660 to 670 nm region and was
low in the far-red region.
The 518 nm change is apparently not
produced by variations in the redox state
of a component functioning in the photosynthetic electron transport (Fork and
Amesz, 1970), but it does appear to be
intimately associated with the light reactions of photosynthesis. Witt and coworkers (see Witt, 1971) have suggested
that the 518 nm change is an electrochromic (or Stark) shift of the carotenoid and chlorophyll absorption maxima caused by the production by light
(in 20 nsec) of an electric field across the
thylakoid membrane and that the optical
change is proportional to this membrane
potential. Witt has also suggested that
the decay of the 518 nm change in the
dark (10-100 msec) is produced by outward movement of protons and other ions
across this membrane, due to discharge
of the field, and that this decay is coupled
with the formation of ATP.
The experiments reported in this series
were done to quantitatively describe the
magnitude of the 518 nm change and to
compare it with changes at other wavelengths that are known to reflect particular components of electron transport.
During these experiments it became apparent that a major cause of variability
in the magnitude of the 518 nm change
in leaves was due to light pretreatment
effects which influenced the quantum
efficiency of these reactions. As reported
here, this phenomenon was first observed
in tomato leaves but was more fully documented in Viva. To establish the generality ofthe effect among higher plants,
measunements were also made in several
other species.
Methods
Light-induced changes of absorption
in intact leaves of plants were measured
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with the apparatus described previously
I Year Book 69, p. 682, 1970; Year Book
) p. 461, 1971; Year Book 71, p. 1S2,
L972; i"< • Book TV. p. 308. 1973) that
- developed to study rapid spectro- pic changes. The measuring beam had
a half bandwidth oi 2 nm for all
measurements.
Most experiments wore performed on
attached leaves hold over the surface of
the photocathode. A broad band of red or
far-red wavelengths was obtained by
filtering the light from a 650 W quartziodine lamp (type DWY) through 37 mm
of water and either Schott glass filter
RG 2 (3mm) or RG 8 (3 mm thick). The
red light had wavelengths extending from
about 620 to 750 nm and an intensity of
about 10.8 X 105 ergs cm-2 sec"1. Farred light had a wavelength band extending from about 685 nm to 750 nm and an
intensity of about 8 X 105 ergs cm"2 sec _1.
Tomato, bean, Ginkgo, Kiwi berry and
Kalanchoe plants were grown in soil in
the lathhouse or greenhouse.
Sorghum
- grown in Hoaglands solution in a
growth chamber. Disporum was collected
locallv from the floor of a redwood forest.

I N S T I T I' T I O N

Results
In intact leaves of tomato (and the
other higher plants studied) the lightinduced absorbance change at 518 nm
showed three distinct and repeatable
phases during a 3 sec light exposure. The
first phase was very rapid (within 1
msec) and will not be discussed in this
series. The characteristic shape of the
light -induced change is given for several
examples in Fig. 1. Light-induction effects occur during the first twro exposures
following a dark period. After the second
exposure the shape of the exposure remains relatively constant although the
size of the response is variable. Two
phases can be seen in Fig. 1 : phase 2, the
initial rise occurring within 0.5 sec, and
phase 3, the equilibrium value attained
between 1 and 3 sec after exposure to
light.
The series of consecutive exposures
showm in Fig. 1 for a leaf dark adapted
for more than 15 min illustrates the lightinduction effect, which is not reported
here. During experiments on the influence of leaf water potential on the membrane properties associated with the

E
c
X
in

<
<

AA = 5XI0

Light adapted

r
0

0

5

0

Time, sec

Fig. 1. The 518 nm absorbance change in dark-adapted (upper traces)
$) tomato leaves induced by low-intensity red actinic light (1.6 X
changes produced by the first three exposures are shown for each case.
tained by exposing the leaf to 5 rnin of high-intensity red light (10.8 X
ptatioo by keeping the leaf in the dark for 20 min.

and light-adapted (lower
105 ergs cm-2 sec-1). The
Light adaptation was at10" ergs cm-2 sec-1); dark
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photosynthetic reactions, it became apparent that the .shape and magnitude of
the light-induced absorbance change was
also sensitive to longer periods of light
adaptation. Examples of the 518 nm
change in a light-adapted sample are also
given in Fig. 1 for low actinic light (1.6
X 105 ergs cm"2 sec-1) and illustrate the
pronounced effect of light adaptation on
the magnitude of all phases of the absorbance change. In the light-adapted
state it is not possible to distinguish between the second and third phases of the
518 nm change, and most data reported
here will be for the third phase.
Time Course of Light Adaptation of
Phase 2 of the 518 nm Change
The dependence of the magnitude of
phase 2 of the 518 nm change on the
time of light adaptation with a broad
band of far-red light of high intensity
is given in Fig. 2. A control value was
measured after the end of the dark period
and before light adaptation to establish
the effectiveness of dark readaptation.
This control value drifted downward by

5l8nm change
Phase 2

D

~o

coc 6

65
about 15% over the course of the experiment, which lasted about a day. Fig. 2
shows that the adaptation of phase 2 to
light repeated on the same leaf on two
different days gave identical results, k
can be seen that the magnitude of the
phase 2 response of the 518 nm change
was decreased by 52% within 2 min by
far-red light adaptation and that this
decrease had a half-time of about 18 sec.
The half-time of this light-induced decrease and the final value attained were
found to be dependent upon the light intensity and wavelength of light used for
both the adaptation and the actinic light.
For example, far-red actinic light (8 X
105 ergs cm"2 sec-1) gave a t1/2 of 18 sec
as described above and a final value of
3.8 X 10"3 AA sec"1, whereas red adaptation and far-red actinic light gave ti/2 =
10 sec and a final value of 2.24 X 10"3
AA sec"1. Red light used as both adaptation and actinic light gave a ti/2 = 105
sec and a final value of 3.3 X 10~3 &A
sec-1. These results imply changes in the
short-term response of phase 2, but the
response of phase 3 to light adaptation
may obscure or interfere with the phase 2
response. In particular, the final lightadapted value of phase 2 will be determined by the characteristics of the rise
time of phase 3.

Dark adapted contro;
O
O

Light Adaptation of Phase 3 of the
518 nm Change in Red Actinic Light

if)

O
X

<
<
x Day I
• Day 2

0

40

80

120

160

Red light adaptation time, sec

Fig. 2. Time course of adaptation to far-red
light of the second phase of the 518 nm absorbance change in tomato. The leaf was darkadapted for 10 min between measurements, and
the absorbance change was measured in the
high-intensity red actinic light as described in
Fig. 1 before and after far-red light adaptation.

Measurements of the influence of light
adaptation on the magnitude of phase 3
established an effect similar to the phase
2 response in that it was also dependent
upon the interaction between intensity
duration and wavelength of both the
adaptation and actinic light. The characteristics ofthe 518 nm change of the
leaf in red actinic light are shown in
Fig. 3. Adaptation with red or far-red
cm"2 sec"1)
8 X 105 ergs
light (10 and
increased
the magnitude
of phase
3 by
42% and 25%, respectively, with approximately the same ti/2 of 12.5 and 9
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Numerous experiments observing an
increase in phase 3 with light adaptation revealed that on some occasions an

Red adaptation

even greater increase occurred than described above, but this effect was not
consistently reproducible. Two examples
are given in Fig. 4, using far-red prefereatment and high-intensity red actinic
light. An initial increase (£i/2 = 10 sec)
occurred, but an even greater increase
was observed with a half time which was
not consistent even for the same leaf,
being 65 sec on one day and 86 sec the
next. The effect could not be reproduced
on some leaves and it was not possible
to specify exactly the conditions responsible for the effect, although when it
"V
occurred it was with
far-red adaptation
light. This effect was possibly due to
major conformational changes in the
chloroplasts.

Far-red adaptation
D 0

k adapted

e ve

x

5:
20

40

60

80

Light adaptation time, sec

Fig. 3. Time (.curse of light adaptation of
- 3 of the 518 nm absorbance change in
tomato leaves in high-intensity red actinic light
- ribed in Fig. 1). Adaptation was achieved
with both red and far-red light.

sec. Adaptation with reduced levels of
red light (1.2 X 105 ergs cm-2 sec"1) gave
an increase of 47% and a ty/-2 of 8 sec.
>
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Fig. 4. Time course of light adaptation of phase 3 of the 518 nm absorbance change in tomato
to high-intensity far-red light (8 X 10r' ergs cm-2 sec-1). Dark-adaptation time between meas- 30 rnin. High-intensity red actinic light (10.8 X 10r' ergs cm-2 sec-1) was used for all
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Fig. 5. The time course of light adaptation of phase 3 of the 518 nm absorbance change in tomato.
Far-red (8 X 10/ ergs cm"2 sec-1) was used for both the actinic and adaptation light source. The dark
interval between measurements was 20 min.

Light Adaptation of Phase 3 of the
518 nm Change in Far-Red Actinic Light
The response of the 518 nm change to
light adaptation with high-intensity farlight (8 X 105 ergs cm-2 sec"1)
red actinic
was
in contrast to the previous results
with red actinic light. An example of the
response for far-red light adaptation and
far-red actinic light is given in Fig. 5.
Here the ti/2 for the transition from the
dark to the light-adapted state was 54
sec, and the light-adapted value attained
was 2.4 X 10"3 AA. With red light adaptation, the ti/2 with far-red actinic was
reduced to 6 sec. Regardless of the light
used for adaptation, phase 3 of the
change produced by far-red actinic light
was reduced 67%.
It was necessary to establish the time
required for a leaf to readapt to the dark
state after light adaptation had occurred.
An example is given in Fig. 6 for phase 3.
To convert this leaf from the darkadapted to the light-adapted state, it was
given 2 min of high-intensity far-red
light and the dark recovery was followed by far-red actinic light. Figure 6

shows that about 15 min were required
for complete return to the dark- adapted
state and the ti/2 was 3 min. Other experiments confirmed this general relation-

5l8nm
Phasechange
3

-"-Light adapted

level
30

0

20

1

Time in dark.min

Fig. 6. Time course of dark adaptation of the
518 nm absorption change from the fully lightadapted state in a tomato leaf. Far-red was
used as the actinic light source (8 X 10° ergs
cm-2 sec-1).
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ship and indicated that a ratio of darkto-light time oi more than 20:1 was
required to retain or fully regain the
dark-adapted state.

duced and broadened with some evidence
for a peak at 530 nm. Both spectra
showed a minimum at 475 nm that is
associated with the 518 nm change (Witt,
1971).

D "t vet Spectra for Dark-Adapted and
•ht- Adapted Leaves

Difference spectra for phases 2 and 3
in the dark-adapted and light-adapted
states, measured with red light of high

Difference
spectra
for leaves were
measured to ensure that the peak value
of the 518 nm change was constant for
the different states. The possibility was
also investigated that some aspects of the
observed enhancement may have been
due to conformational changes such as
those observed at 535 nm by Heber and
co-workers (Heber. 1969). A comparison
of the difference spectra for the darkadapted and light-adapted states, using
far-red actinic light, is shown in Fig. 7.
In the dark-adapted state the peak value
in the green region of the spectrum was
at 51S nm. In the light-adapted state the
size oi the signal was substantially re-

8

1

1

1

1

intensity
X 8.
105The
ergs peak
cm"2 for
sec"1),
are given (10.8
in Fig.
the
phase 2 part of the change in a leaf
adapted to far-red light was very broad,
but centered about 520 nm. In one sample, the difference spectra for phase 3 in
both the dark-adapted and light-adapted
states were identical and had peaks at
517.5 nm. In the light-enhanced state
(adapted with far-red light) there was a
shift in the peak to about 519 nm. This
shift was perhaps evidence of the presence of another peak located at longer
wavelengths than 517.5 nm, and comparison of the two light-adapted curves
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Fig. 7. Difference spectra for phase 3 of the 518 nm light-induced absorption change in tomato
- in both the dark-adapted and light-adapted states. Far-red actinic light was used (8 X 10'"' ergs
cm-2 sec"1).
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Fig. 8. Difference spectra for phases 2 and 3
of the 518 nm change in tomato leaves in the
dark-adapted and light-adapted states. Highintensity red- (see Fig. 1) was used as the actinic
light. Light adaptation was achieved with both
red and far-red light.

suggested a peak at 522.5 nm.
was evident at 530 nm.

No peak

Influence of Actinic-Light Intensity on
Light Adaptation
The use of far-red and red actinic light
at two light intensities, 10.8 X 105 and
8 X 105 ergs cm"2 sec-1, respectively, and
the differences in absorption of the light
by the leaf between the two broad-band
filters prevented an interpretation as to
the wavelength dependence of the phenomenon. To establish actinic light level
effects, dark-adapted and light-adapted
values for phase 3 were determined at
two light levels, 10.8 and 1.6 X 105 ergs
cm-2 sec-1, with red actinic light, and the
percent decrease due to adaptation was
59 and 65%, respectively. This result
suggests that the difference in response
to the red and the far-red actinic light
sources was due to the light level.

The light adaptation of the 518 nm
absorbance change reflects important
changes in the photosynthetic apparatus.
To ensure that this phenomenon was
common to a variety of higher plant.-, the
same type of measurement was also
made on Ginkgo biloba, bean, Actinida
chinensis, Disporum smithii, Sorghum
vulgare, and Kalanchoe sp.
This series of experiments compared
phase 3 of the 518 nm change in attached
leaves at 23°C in air. The dark-adapting
period was 15 min, and red adapting light
was given for 5 min at 10.8 X 10~J ergcm-2 sec"1. Red actinic light was used at
high (10.8 X 105 ergs cm"2 sec-1) and low
(1.6 X 105 ergs cm-2 sec"1) actinic intensities. In the dark-adapted samples
the second exposure in a series was measured for both the high and the low actinic
light. In the light-adapted samples the
first exposure after a 3 sec dark interval
following light adaptation was measured.
Typical traces for the 518 nm change
are shown in Figs. 9 and 10 for two very
different species, Sorghum vulgare and
the gymnosperm Ginkgo biloba, respectively. These can be compared with similar results for tomato in Fig. 1. Comparable results were obtained with all the
other species, although there were minor
differences that on further investigation
may establish species differences. For
example, Actinida chinensis showed a
more pronounced inhibition of phase 3
in the dark-adapted state with high
actinic light.
From data of the type presented in
Figs. 9 and 10, the ratio of the size of
phase 3 of the absorbance change in the
dark-adapted and light-adapted states
was obtained for all species. These results, along with the conditions under
which the plants were grown, are given
in Table 1. The results establish that the
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Fig. 9. The 51S nm absorption change in attached leaves of Sorghum vulgare induced by high
and low intensities of red actinic light (see Fig. 1). Light adaptation was achieved by exposing
the leaf to the high-intensity red light for 5 min. Dark adaptation was attained by maintaining
the leaves in darkness for 15 min.

responses at the two actinic light intensities were essentially similar for all
species, but the light adaptation was
more pronounced at the low light intensii

1

1

ties. The mean value for the ratio for all
species was 1.82 for the low actinic light
intensity and 3.14 for the high light intensity.
i
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Fig. 10. The 518 nm absorption change in attached leaves of Ginkgo biloba exposed to high and
low intensities of red actinic light. The intensities used and treatments given were as described in
Figs. 1 and 9.
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1. Effects of Light Adaptation on the Third Phase of the 518 nrn Change in
Attached Leaves of Some Higher Plants
■<\ Value v
Iapl
apt
Ratio /DarkA f
^ Light-Af
High Li
Actinic

Plant Species
Ginkgo bilboa (Gymnosperm)
Bean

Growing Conditions
(Ci)

Lathhouse, in soil

2.4

(C.)

Glasshouse, in soil

1.4
1.3

Kiwi berry (Activida chinensis)

(C)

Tomato, var. Pearson

(C.)

Disporum smithii (Hook.) Piper.

Glasshouse, in soil

(C.)

Glasshouse, in soil
Growing naturally,
Redwood forest floor

1.7
1.6

Sorghum vulgare, var. M35-1

(C4)

Growth chamber, with
Hoaglands solution

2.12

Kalanchoe sp.

(CAM)

Glasshouse, in soil

The substantial effects of light adaptation and actinic light intensity on the
518 nm change necessitated extending the
results to include a preliminary assess-

3.1
2.7
2.5
4.1
2.0
ght

2.9

Mean

TVie J57jjeci of 02, C02, Water Stress, and
Temperature on the 518 nm Change
in Tomato Leaves

Intensity
ed
Value/
Low

2.2

1.82±0.42

4.1

3.14±0.68

ment of the influence of other environmental parameters.
Comparisons of three gas mixtures, air,
nitrogen, and air without C02, were made
with high-intensity actinic light, and
representative traces are shown in Figs.
11 and 12. In nitrogen there was no de-

Tomato

Fig. 11. The effect of N2 and of air on phase 3 of the 518 nm change in tomato leaves.
actinic light of high intensity (see Fig. 1) was used as actinic light. Plant was dark-adapted.

Red

658

C A R N E G IE

INSTITUTION

Tomato
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Fig. 12. The effect of air with and without CO- on phase 3 of the 518 nm change in tomato leaves.
High-intensity red light (described in Fig. 1) was used as actinic. Plant is in dark-adapted state.

velopment of the third phase even though
phase 1 was prominent (Fig. 12) . Removal of C02 had no pronounced effect
Fig. Hi. These results indicate that
phase 3 required an electron acceptor for
evelopment and 0-2 could replace C02
d electron acceptor.
The water potential of the leaves was
also shown to have a pronounced effect
on the 518 nm light-induced absorbance
change. Two series of decreasing water
ntials at two temperatures are given
in Fig. 13. Water stress was induced by
separating a branch from the plant, and
the relative leaf water content (RLWC)
the sample was measured
by subsampling
other leaves from the same
branch.
On other plants a relationship
the RLWC
and xylem
water
n rial was obtained using the Scholander bomb (Scholander et al., 1965).
ter stress caused a large decrease in
the 518 nm change. To test the reversibility of this effect . the 518 nm change
ired in an attached leaf of a
rely drought-stressed plant (water
potential about 40 bars) before and after

watering. Within 20 min of watering the
518 nm change had increased five-fold
and in the fully turgid state gave values
similar to those regularly measured in
tomato.
Most measurements on tomato leaves
were made at 20°C, which is about the
optimum temperature for growth, and a
test was made to investigate the influence
of temperature over the range from 4° to
20°C on the 518 nm change. As shown in
Fig. 14, there was no significant effect
of temperature over this range on phase 3
of the 518 nm change. Furthermore,
there was no effect of one hour at 4°C
on the value after the plant was returned
to These
20°C. results indicate that the 518
nm

change is sensitive to environmental changes, and it would be expected
that these same environmental factors
would also influence electron-transport
processes.
Discussion
These results demonstrate that the
efficiency

of

light
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generate
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Fig. 13. The influence of water stress on the 518 nm change in tomato leaves. Arrows indicate
the onset of water stress. Measurements were made_ 8at0 two temperatures, 21 °C (closed circles) and
40°C (open circles), with dark-adapted leaves and with high-intensity red light (see Fig. 1).

sorbance change at 518 nm in intact
tomato leaves was decreased by light
pretreatment even for periods as short as
one minute. It is likely that actinic lightintensity and not wavelength of the
actinic light was the important factor in

the difference in response to red and farred light. The apparent differences in
effectiveness of red and far-red actinic
light may be due to the differences in
absorption of these wavelengths by
leaves.

10
Temperature, C

15

Fig. 14. The temperature dependence of phase 3 of the 518 nm absorbance change in darkadapted tomato leaves. High-intensity red light (see Fig. 1) was used. Measurements were made
with descending (solid circles) and ascending (crosses) temperatures that were measured with a
thermocouple touching the underside of the leaf enclosed within the cuvette.
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The light-adaptation phenomenon in
intact leaves was not restricted to the tomato plant but was also seen in several
other species, including the gymnosperm
kgo} the shade plant Disporum
smithii. and the C4 grass sorghum. It
therefore appears to be a general feature
oi the photosynthetic systems oi higher
plants and. as reported in more detail in
a later paper in this Annual Report, for
the green alga lira.
Two basic phenomena were found to
occur during light adaptation in this
study. First, there was a reduction in
response oi both phases 2 and 3 of the
518 nm change with low actinic light.
md, an enhancement of the third
phase of the 518 nm light-induced absorbance change occurred with far-red
light adaptation using high-intensity red
actinic light. The second effect was not
invariably seen in tomato.
If we assume that the 518 nm shift
ilts from the production of an electrical field across the membrane
as a
sequence of the absorption of light by
the photosystems (Witt, 1971), then the
first phenomenon suggests that the ability of light to produce this effect has been
changed. Light adaptation may alter the
- te of the pigments in the membrane
or change the environment surrounding
the photosystems by altering ion concentrations and fluxes across the thylakoid
membranes.
:ts of short (and long) light pretment on the 518 nm change were
also studied by Amesz et al., 1973. Here
pre-illumination of spinach chloroplasts
with two 8 //see flashes reduced the 518
nm

change measured
at — 40°C comed with a dark control. In these
chloroplasts there was a close correlation
veen chlorophyll a fluorescence and
the 518 nm change in a sequence of light
osures at ■— 40°C. The 518 nm change
smaller in pre_iUuminated than in

dark-adapted chloroplasts
Cat — 40°O)
i after several seconds of high-insity actinic light. This was taken as
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evidence that the absorbance change reflected a more specific change in or near
the reaction center. Fork and de Kouchkovsky (1966) followed the dark regeneration of the first transient of the 518
nm change in Ulva and Chlorella. This
regeneration implies that light adaptation had decreased the 518 nm change
and dark recovery of this change required
20 minutes, about the same period as
observed in this study for dark readap-

tation.

The second effect observed intermittently in this study may have been
caused by major conformational changes
in the chloroplasts that would interfere
with measurements of the 518 nm change.
Conformational changes of this type produce large apparent changes of absorption at 530 nm (Heber, 1969; Gimmler,
1973) that overlap the 518 nm absorption change. The shift of the 518 nm
peak toward longer wavelengths as shown
in the difference spectrum in tomato
(Figs. 7, 8) shows some similarity to the
effects studied by Gimmler (1973) in
Dunaliella parva that were attributed to
conformational changes. Heber (1969)
has linked these large, slow 530 nm
changes to light-dependent volume
changes of chloroplasts.
If the 518 nm change is an indicator
of electrical fields across thylakoid
membranes and the decay of the change
is related to ATP formation, then the
light-adaptation phenomenon would appear to result in reorganization of the
electron transport process. Further investigation ofthis phenomenon in leaves
is made difficult by conformational
changes of the type studied by Heber
that overlap the 518 nm change. In addition, leaves are not well suited to test the
effects of various chemical agents that
can be used to investigate the photosynthetic process. For these reasons the experiments were continued on the green
algae Ulva, which has been extensively
used for experiments of this type in the

past.
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LIGHT ADAPTATION AND THE
LIGHT-INDUCED 510 NM ABSORBANCE
CHANGE IN Ulva
David C. Fork and John H. Troughton

Previous measurements

of the slow

light-induced 518 nm absorbance changes
in leaves of several higher plants gave
evidence for variations of this change
that were dependent upon the previous
light history of the plants. Two extreme
states were apparent, a dark-adapted
and a light-adapted state. In the darkadapted state the 518 nm light-induced
absorbance change at low light was many
times larger than the change in the lightadapted state.
These measurements in leaves were repeated on Ulva in more detail and extended to investigate the mechanism
responsible for the dark-to-light conversions. In these experiments the kinetics
of the transition from the dark-adapted
to the light-adapted state were investigated and the irradiance response curves,
difference spectra, and action spectra determined for the two states.

the
in sea waterlight
at 12'yO
low laboratory
intensity fluorescent
(8000 under
Lux).
The techniques and equipment used to
measure absorbance changes were described inthe previous article. Difference
spectra determined for the different states
of the plants indicated that the peak absorbance was at 510 nm (Year Book 72.
p. 375) ; all measurements done in this
study refer to those made at this wavelength. Red actinic light had wavelengths extending from 620 to 750 nm
and an intensity of 10.8 X 105 ergs cm-2
sec"1. Far-red actinic light had wavelengths from 685 to 750 nm and an intensity of 8 X 105 ergs cm-2 sec"1. For
action-spectra measurements or when
specific wavelengths are mentioned narrow-band interference filters having a
half-band width of 5 nm were used.
A 3 cm diameter piece of Ulva tissue
was cut from a thallus and kept in a
cuvette with 5 ml of sea water at a constant temperature of 20°C during the experiments. The terms dark-adapted and
light-adapted refer to two extreme conditions, the former when specimens were
kept in darkness for a minimum of 20
min before measurements, and the latter,
to samples exposed to a minimum pretreatment of 5 min of full intensity red
light.
Results
The characteristics and shape of the
510 nm absorption change during a 3.5
sec light exposure are complex and show
much structure which depends upon factors such as pretreatment, irradiance and
wavelengths of the actinic light, and
number of exposures. More generally,
two main peaks were present; one occurred within 500 msec and a second,
broad maximum peaked between 1 and
about 3.5 sec (Fig. 15).
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Fig. 15. Kinetics of the light-induced absorbance change produced in Ulva at 510 nra by red
ictinic light (670 nm. 1.5 nE cm"" sec-1). The sample was previously dark-adapted. The rapid rise
o\ phase 1 is not resolved in this experiment.

A further source of variability in comparing results from different treatments
r different times is variation bed samples. A test was made and is
Tied in Table 2. Thallus material
from four samples was cut the first day
and measurements were made which were
then compared and shown to be similar
at two wavelengths and, for 675 nm, at
two irradiance levels. One sample (no. 5)
changed substantially within the period
and was not subsequently used. Among
other samples there was relatively
little variation between samples or between davs. The results indicate, how-

ever, that absolute comparisons between
samples cannot be reliably made without
many samples, although qualitative effects of treatments may be compared
between samples.
Light Adaptation of the 510 nm Change
in Red and Far-Red Actinic Light
Variation in the magnitude of the lightinduced 510 nm absorbance change was
also apparent when successive time
courses were compared. As shown in
Fig. 16, the change tended to be higher
with the first 3.5 sec exposure to high-

TABLE

2. Variation in the 510 nm Absorbance Changes between Samples in the
Dark-Adapted State
Day I
Day II
725
675
675
6750.3
Wavelength ('nm)
7.6
7.8
7.3
103)
Light level (nE cm ~2<cc~l)
515 nm Char ige
1.78
4.55
4.55
1.49
Sample no. 1
4.55
2
(X
1.41
1.41
4.34
1.47
4.34
4.55
1.24
3
4.55
1.39
4.40
1.67
1
1.63
4.55
1.35
(4.44)*
5
3.41
'Sample left in 510 nrn measuring beam for 15 min between measurements.
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8
12
( First exposure)

Fig. 16. The relationship between the lightinduced absorbance change at 510 nm in phase
3 (the maximum value measured between 1.0
and 3.5 sec) during the first and second light
exposures (3.5 sec dark). A range of light intensities and wavelengths was used. Wavelengths:
open circles, 650 nm; closed circles, 675 nm;
crosses, 700 nm; and open triangles, 725 nm.
The thallus was in the light-adapted state.

intensity red actinic light in darkadapted samples than with the subsequent exposures, but there was a high

correlation between the two exposures.
Consequently, data from either the first
or second exposure can be used, as long
as one or the other is; used consistently.
In our results, unless otherwise stated.
the second exposure was; used. The signal
size for exposures beyond the second was
more variable, depending primarily upon
the irradiance of the actinic light. The
effect at high light, given in Fig. 17, indicates adrop from the first to the second
sweep, followed by a rise to a maximum
at 25 sec; but after 60 sec light adaptation, an equilibrium value was reached.
Although there was only a 25% variation
during this period, these results are indicative ofvariations in components contributing to the 510 nm change during
the first 60 sec of transition from dark to
light.
A similar experiment with far-red light
showed a substantially different response
than that with red light (Fig. 17). With
an increasing number of exposures the
510 nm absorbance change increased to
a maximum at 20 sec but subsequently
declined to an equilibrium value at about
60 sec. The difference between the red
and far-red effects could be due to differ-

— •■
„
Red adaptation

Far-red adaptation

0
0

50
Light adaptation

00
time, sec

Fig. 17. The effect of red and far-red light adaptation on the 510 nm absorbance change in Viva.
The same light was used for both adaptation and actinic for the red (10.8 X 105 ergs cm-2 sec-1)
and far-red (8 X 105 ergs cm-2 sec-1) experiments. The sample was dark-adapted for 20 minutes between readings. Light-adaptation time includes the actinic-light measuring sweep.
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Fig. IS. The time course of the transition from the dark-adapted to the light-adapted state of
the 515 nm absorbance change induced by 675 nm actinic light (6 nE cm-2 sec-1) ; 675 nm light
was also used to light-adapt the sample.

ences in the intensity or the proportion in irradiance. An effect similar to far-red
of light absorbed by photosystems 1 and light could be achieved by 675 nm light
2 in the two light sources or to differences

at 6 nE cm-2 sec"1 as shown in Fig. 18.
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Fig. 10. The time course of light adaptation of ihe 510 nm change in Viva preilluminated and
mred mth high-intensity red actinic light (680 nm, 5 nE cm-2 sec"1).
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A decline in absorbance change is apparent at about 20 sec, although about
two minutes' light adaptation was required to reach equilibrium.
Light Intensity Response Curves of
Phase 3 of the 510 nm Light-Induced
Absorbance Change
The interaction between the reduction
in yield of the 510 nm change (decrease
in signal height) and the actinic light intensity was investigated by comparing
the light response curves of dark- and
light-adapted tissue. Dark-adapted tissue was obtained by maintaining the
sample in darkness for at least 10 min
between readings and measuring the first
and only light pulse of 3.5 sec. To establish the time required to produce the
light-adapted state it was necessary to
follow the time course of adaptation with
increasing times of light pretreatment
(Fig. 19). Subsequently, a period of 5
min of high irradiance red light was used
for light adaptation. Longer periods of
light adaptation were impractical in the
context of these experiments and only
caused small drifts in the absorbance
changes.

20

40

The light-response curves for the darkand light-adapted states are shown in Fig.
20 and indicate major differences in the
efficiency of light in producing absorbance changes. Assuming light absorption
was similar for both states;, the response to
actinic light of the sample in the darkadapted state was substantially hig
than in the light-adapted state. The irradiance atwhich half maximum absorbance was attained (I1/2) was, in separate
experiments, 1.0% and 1.5% of full light
intensity in the dark-adapted state and
10.5% and 12.5% in the light-adapted
state.
There was considerable difficulty in
defining a relative quantum efficiency for
the dark-adapted state because of the
nonlinearity in the shape of the irradiance response curve. The nonlinearity
was wavelength dependent as shown in
Figs. 21 and 22 for 675, 700, and 725 nm.
Evidence from these and other results
indicated nonlinearity was a feature of
650, 675, and 700 nm but was less evident
with 725 nm actinic light ; this may imply
that nonlinearity was associated with
photosystem 2 activity.

60

80

100

Percent red light intensity.rel
Fig. 20. The 510 nm absorbance change in dark- and light-adapted Ulva as a function of red
actinic light intensity. Full-intensity red light (10.8 X 105 ergs cm-2 sec-1) was also used to lightadapt the sample for 5 min.
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Light intensity, nE cm"2 sec
Fig. 21. The 510 nra absorbancc change in dark-adapted Viva as a function of the light intensity
at 700 nm and 725 nm.

The irradiance response curves for the
510 nm light-induced absorbance changes
for Viva in the light-adapted state were
linear at low light at the wavelengths 645,
675, 700 and 725 nm. A major experittal difficulty in measuring 510 nm
= irbance changes in the light-adapted
is that at least some dark time is

0.5

required between completion of the light
pretreatment (10 min light) and the start
of the 3.5 sec actinic-light exposure. In
one example, the slope of the relationship
between the 510 nm change and irradiance, that is, d OD/dl was 4.9, 3.9, and
2.6 X 10"3 OD/nE cm"2 sec-1 for 3, 6,
and 12 sec dark intervals, respectively.

1.0

Light intensity at 675nm,nE

1.5
cm"

2.0

sec

_ 22. Thf 510 Dm absorbance change in 'lark-adapted IJlva as a function of the intensity of 675
nm actinic light.
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Dark time.min
Fig. 23. The time course of the transition from the light-adapted to the dark-adapted state of
the 515 nm absorbance change in Ulva produced by 675 nm actinic light (6 nE cm"2 sec-1). The
same 675 nm light was used to light-adapt the sample.

Longer dark periods resulted in an increase in the 510 nm absorbance change
of the form shown in Fig. 23.
Difference Spectra for the 510 nm
Light-Induced Absorbance Change
In view of the possibility that some of
these effects may be due to shifts in the
510 nm
absorbance
peak,
difference
i

spectra were determined for Ulva with
675 and 725 nm actinic light in the darkadapted state and 675 nm actinic light in
the light-adapted state. As shown in Fig.
24, these data establish that 510 nm was
the peak absorbance in the 490 to 550 nm
range. The strong 480 nm negative peak,
characteristic of the 510 nm response, is
not shown for the 675 nm actinic light in

r

510

CO

O
<3
X
< 0

-2
Dark adapted
480

45

0

725nm actinic

500
Wavelength,nm

550

Fig. 24. Difference spectra for light-induced absorbance changes produced from 450 to 550 nm in
dark-adapted and light-adapted Ulva illuminated with 675 nm (6 nE cm-" sec-1) and 725 nm (5 nE
cm"2 sec-1) actinic light.
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xamples in Fig. 24. There was do
evidence of conformational changes that
would be reflected in peaks at 535 nm
(Heber, 1969). In the dark-adapted state
with 72.'> nm actinic light the level oi
the signal was low, and this may account
the absence oi the shoulder at 495
nm, which is characteristic of the lightand dark-adapted states.
Action Spectra for tin MO nm
Light-Induced Absorbance Change
To determine which of the photosystems is active in the1 production of the
510 nm change in the dark-adapted
§1 tes, action spectra were measured;
they are shown in Figs. 25 and 26. In the
dark-adapted state the nonlinearity of
the irradiance response curves for sam- in the dark-adapted state made it
difficult to provide a single action spectrum for the dark-adapted state. Action
*ru are given for three light levels,
0.3. 1.5, and 2.5 nE cm"- sec"1 in Fig. 25
and for 5.0 nE cm"2 sec-1 in Fig. 26. In

600

640
680
Wavelength, nm

720

Fig. 26. Action spectra measured in darkadapted Viva for the production of the absorbance change at 510 nm occurring between 0 and
0.5 sec (open circles) and between 1 and 3.5 sec
(closed circles) after illumination.

the dark-adapted state the action spectrum was featureless at the lowest light
level and this was partly true of 1.5 and
2.5 nE cm-2 sec"1 levels. At the higher
irradiance levels there was some indication of a peak at 675 nm. At 5.0 nE cm-2
sec-1 (Fig. 26) in dark-adapted Viva there
was evidence of structure with peaks at
630, 670, and 680 nm. The action spectrum for phase 2 of the 510 nm absorbance change had peaks at 670 and 685 nm
(Fig. 26) and showed that wavelengths
beyond 705 nm were ineffective in producing this change or that the response
merged with phase 3.
A characteristic feature of the action

720

600

640
680
Wavelengt h.nm

F iK. 25. Action spectra measured in darkted Viva for the production of the 510 nm
absorbance change induced by three levels of
actinic illumination.

spectra for the dark-adapted state was
the effectiveness of far-red light in producing the 510 nm absorbance change at
5 nE cm"2 sec"1 (Fig. 26) ; the change in
absorbance in the far-red (740 nm) was
approximately half the value in the red
region (620 to 680 nm). The absorption
by the thallus at 740 nm is likely to be
less than 5% of that at 680 nm, whereas
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change is associated with both photosystems.
Discussion

O

0.5-

m
O
X

<
<

*
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i

600

1
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1

640
680
Wavelength, nm

1
720

Fig. 27. The action spectrum measured in
partially light-adapted Ulva for the 510 nm
absorbance change induced by actinic illumination having an incident intensity at each wavelength of 5 nE cm-2 sec"1. Prior to the measurement made at each wavelength the sample was
light adapted with high-intensity red light for
5 min. Measurements were made 3 sec after

The effect reported in the previous
paper of light adaptation of the 510 run
absorbance change in higher plants has
now been shown
to occur in Ulva.
Measurements made with this green alga
are less likely to be confused by other
influences on the 510 nm change that may
occur in leaves, such as the effects of
water stress or gross conformational
changes of the chloroplasts, or by distortion of the spectra by the high absorption
\°
by the leaf. These influences were not
seen in Ulva.
A significant result seen in Ulva was
that phase 3 of the 510 nm change, as a
function of light intensity, was different
in the light- and dark-adapted states.

this light-adaptation period.

the 510 nm absorbance change with nonsaturating light (1.5 nE cm-2 sec _1) at
740 nm was about 12% of that at 650 nm.
The action spectrum for the 510 nm
change in the light-adapted state was
substantially different from that in the
dark-adapted state (Fig. 27). The magnitude of the signal at 5 nE cm-2 sec"1
was about 20% of the dark-adapted
value, and fine structure in the spectrum
was evident. There was no response at
740 nm, and peaks occurred at 630, 670,
and 685 nm. These results were obtained
with a sample light-adapted with 5 min
of high-intensity red light before each
value was determined. The effect of the
time of pretreatment is shown in Fig. 28.
Light adaptation with 0.5 min instead
of 5 min gave twice the signal size, but
both spectra clearly indicate peaks at
630, 670, and 685 nm. The position of the
peaks in these action spectra indicate
that phase 3 of the 510 nm absorbance

600

640
680
Wavelength, nm

720

Fig. 28. The action spectrum in partially
light-adapted Ulva for the 510 nm absorbance
change induced by actinic illumination having
an incident intensity at each wavelength of 2
and 5 nE cm-2 sec-1. Prior to the measurement
made at each wavelength, the sample was light
adapted with high-intensity red light for 0.5
min. Measurements were made 3 sec after this
light-adaptation period.
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About 10 times higher light intensity was
required to half-saturate the steady-state
510 nm change in the Light-adapted compared with the dark-adapted state.
A si cond major feature o\ the lightand dark-adapted states was the difference in the action spectra. The darkadapted state was characterized by a
rather flat spectrum with few peaks, ir- lective oi actinic light intensity.
Clearly, this action spectrum shows little
relationship to the action spectrum for
photosynthesis. Furthermore, there was
an appreciable light-induced 510 nm
absorbance change at 740 nm with 5 nE
cm"2 sec"1 actinic light. Part of this
effect may have been due to a small
transmission of shorter wavelengths
through the narrow-waveband filter (5
nm half bandwidth); but a significant
= onse must have been produced by the
far-red wavelengths.
Light adaptation caused a substantial
modification of the action spectrum and
yielded a curve with peaks at 630, 670,
and 6S5 nm that may reflect the activities
of both photosystems.
The short-wavength peaks were seen previously in the
action spectrum for the 510 nm change
produced by photosystem 2 measured on
a background of far-red light (Fork et al.,
1967) or when photosystem 1 was inactivated with ferricyanide (Miiller et al.,
1963 i. The action spectrum for the system 1 component of the 510 nm change
had a peak near 685 nm in a sample
ted with DCMU to inactivate system
2 (Fork et al., 1967). Many other measurements ofaction spectra for the 510 nm
change have been made, and review
articles by Fork and Amesz (1969, 1970)
3ome of the difficulties encountered in
making and interpreting such results.
xplanation for the light-induced
transformations of the action spectra is
• in dark-adapted samples there is a
510 nm change which is wavelength independent and that masks the part of the
change more closely associated with the
phot
as. Light adaptation removes
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this component. An alternative explanation is that light adaptation may produce a molecular reorganization of the
photosynthetic pigments to "enhance"
some features of the light reactions of
photosynthesis, perhaps also resulting in
redistribution of light energy between the
photosystems.
The results also established that at low
light intensities (less than 3 nE cm"2
sec"1) there was pronounced nonlinearity
of the light-response curve for the 510 nm
change in the dark-adapted samples. In
light-adapted samples, however, the responses were linear. From these results
we would predict that almost any shape
of light-response curve could be obtained
depending upon the degree of the initial
light adaptation or dark adaptation of
the sample or upon the possibility of a
change in the dark adaptation to light
adaptation (or vice versa) occurring during measurements.
Light response curves for O2 exchange
also show nonlinear and highly variable
shapes over the same range of light intensities used in this study. Ried et al.
(1973) working with green and bluegreen algae suggest that nonlinearity in
O2 exchange (Kok effect) as a function of
light intensity is produced by interactions
between partial reactions of photosynthesis and respiration, and depends upon
the amount of ATP available in the system. They only observed the Kok effect
when there was pronounced photosynthetic inhibition of respiration and the
primary cause of this inhibition was considered to be cyclic photophosphorylation. Photosynthetic inhibition of
respiration was light saturated at about
the same intensity as the shoulder on the
light-response curve of the 510 nm change
seen here. Furthermore, the efficiency of
the photosynthetic inhibition of respiration was greater in far-red than in red
light. Comparison of the kinetics of the
510 nm change with those of 02 exchange
are premature; nevertheless, they reinforce the possibility that the 510 nm
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change is closely associated with the
photosynthetic reactions.
The coupling factor between energy
transfer and electron flow in chloroplasts
has been shown to be the terminal enzyme leading to photosynthetic ATP formation (Avion, 1963; McCarty and
Racker, 1968). EDTA-extraction can
remove the coupling factor, and this results in a decrease in the 515 nm change
(Ikehara and Nishimura, 1973). The 515
nm change can be partly restored by addition of the coupling factor. These results indicate an association between
ATP formation and the 515 nm response;
and as the coupling factor exhibits divalent ion-dependent ATP-ase activity, the
variation in ionic environments within
the chloroplasts between dark- and lightadapted states may provide a mechanism
for the light-adaptation effect on the 510
nm change in Viva.
An alternative explanation that may
account for light adaptation associated
with the coupling factor is that a protein
undergoes light-induced conformational
changes. In spinach chloroplasts it has
been shown (Ryrie and Jagendorf, 1971)
that the coupling factor can change its
conformation between the dark and the
light, and it has been suggested that the
energized state of the molecule may drive
the phosphorylation of ADP.
The 510 nm light-induced absorbance
change has been one of the few methods
used to establish the magnitude of the
electric gradient (A^) associated with
proton uptake in chloroplasts. The reaction to light of this response is rapid
(20 ns) and the development of the field
is caused by a light-induced transfer of
electrons perpendicular to the bioenergetic membrane (Witt and Zickler, 1973) .
A^ has been shown to be 100 mv, and
this causes the slower proton uptake
which eventually replaces the photochemical change separation, with the
further redistribution of ions such as
K+, CI" and Mg2+. The ratio of the influx
and efflux for each ion should change

exponentially with a change in membrane
potential and it j.- likely that, these ion
exchanges linked to membrane potential
and the subsequent variation in the localized ion concentrations may account for
the light adaptation observed in these
experiments.
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LIGHT ADAPTATION OF THE
CYTOCHROME / REACTIONS IN Ulva
John H. Troughton and David C. Fork
Measurements made in vivo on leaves
of higher plants and the green alga Ulva
have established pronounced effects of
light pretreatment on the light-induced
absorbance change at 510 nm. In the
dark-adapted sample the equilibrium
value during a 3 sec low-intensity actinic
light exposure was many times greater
than in the same sample pretreated by
high light for periods as short as one
minute. During transition from the darkadapted to the light-adapted state the
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action spectra for the 510 nm change converted from being relatively featureless
to having pronounced peaks at 630. 650,
675, and 685 am.
One hypothesis to explain the 510 urn
..nee change is that it is produced
by an electric field across the membrane
which causes elect rochromic shifts of
carotenoid and chlorophyll absorbance
ban.;- (Witt, 1971), If this is the explanation for the phenomenon, then the
results with higher-plant leaves and Ulva
- .__ si that light adaptation alters prop- oi the membrane, thereby affecting
its ability to develop or sustain electrical
fields.
The light levels and time course of the
light-adaptation effects measured by the
•MO nm change have several similarities
to the reversible structural and volume
changes observed in chloroplasts in vivo
and in vitro (Murakami and Packer,
1970a, 1970b, 1971; Heber, 1969: Gimm1973i. The results of these workers
and the effects observed in higher plants
and Ulva support the possibility that the
conformation of the components of the
thylakoid membrane can be altered by
the environment, thereby affecting its
photochemical functioning. Much evident sugg< sts that the 510 nm change re- events dose to the light reactions of
both photosystem 1 and photosystem 2.
The variations in the 510 nm change
occurring during a dark- to light-adaptation ace, suggest alteration in membrane characteristics that would influence
ysiological reactions.
Numerous activities of electron transport will be influenced by changes in memne properties, but only the oxidation
and reduction of cytochrome / were intigated here. This cytochrome funcectron transport between PS 1
and PS 2 (Duysens, Amesz and Kamp,
1961 I. ( nidation of this cytochrome is a
It of photosystem 1 activity. Reduction of cytochrome / can be used as a
ire of photosystem 2 activity.
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Pulse spectroscopic techniques of the
type used in these experiments have also
been tised to obtain kinetic data on electron transport times (Witt, 1971), indicating that the rate-limiting step in electron transport may occur in the chain
between PS 1 and PS 2. Thus, information about the reduction of cytochrome /
in response to light adaptation will also
be useful in understanding the overall
rate-limiting step(s) in electron transThe optical responses in vivo in Ulva
were
port. monitored at 420 nm, a wavelength
that can be used to monitor cytochrome /
activity (Duysens, 1955).
All other aspects of the methods used
in this paper are essentially the same as
those used previously.
Results
Difference Spectra for the
Light-Adapted State
Difference spectra for Ulva in the lightadapted state were obtained to confirm
the wavelengths at which optical changes
due to cytochrome / occurred. The sample was light adapted with a 5 min exposure to red light (10.8 X 105 ergs cm-2
sec"1 ) . A 3 sec exposure to the same red
light was then used to measure a point of
the difference spectrum. Measurements
thereafter were preceded by a 1 min exposure to the red-adapting light. Two
values were measured from each time
course obtained: the maximum value and
the equilibrium value after about 2 sec of
illumination. Both values had peaks at
420 nm due to the cytochrome / component inthis alga (Fig. 29) . Fig. 29 also
shows that the difference spectrum for
the maximum change had a peak at 510
nm and the difference spectrum for the
equilibrium value had a peak at 515 nm.
Other maxima occurred near 405, 430,
and 457, and inflections were seen around
497 nm. Other minima occurred at 440
and 477 nm.
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Light-Re.rponse Curves for the Equilibrium Value of the 1$0 nm Change
in Light- and Dark- Adapted
States

400

450
500
Wavelength, nm

550

Fig. 29. Light-minus-dark difference spectra
in light-adapted Viva obtained using 6 sec exposures to red actinic light (10.8 X 105 ergs
cm-2 sec-1). Samples were light-adapted by a 5
min exposure to the same intensity of red light
before the sequence and a further one-minute
exposure before each wavelength. The equilibrium value attained at the end of a 6 sec exposure is given by the closed circles, and the
maximum value attained in the third phase of
the change after 2 to 3 sec of illumination by
open circles.

It was previously .shown that there
were large differences in the magnitude
of the 510 nm change in the dark- and
light-adapted states. Similar effects of
light pretreatment were found for the 420
nm change. Three values were determined: the equilibrium value attained in
the light, and the rates of cytochrome- /
oxidation and reduction upon turning the
actinic light on or off.
The equilibrium value as a function of
light intensity, given in Fig. 30, establishes adifference in efficiency of light
utilization between the dark- and lightadapted samples. In the dark-adapted
sample the 2o.5max occurred at 0.6% T.
Samples adapted to red light had Io.5max
= 6.6% T. Maximum-intensity red light
used in this experiment was approximately twice full sunlight (photosynthetically active wavelengths) so that cytochrome was
/
fully oxidized at approximately 20% and 60%c of full sunlight in
the dark- and light-adapted samples, respectively. No evidence was seen for
i

Light adapted

-i

•

1

r

t
Dark adapted

100

20
40
60
Percent light intensity, rel

80

Fig. 30. A comparison of the light-intensity dependence of the equilibrium value of the 420 nm
change (after 2-3 sec) with red actinic light in a dark- or light-adapted Ulva. Full light intensity
was 10.8 X 105 ergs cm-2 sec"1, and the same light intensity of red light was used for light adaptation for 10 minutes before the sequence. The dark-adapted sample was kept in the dark for 20 minutes before each exposure to red actinic light.
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photoinhibition oi those reactions, as evidenced by the complete reversibility oi
the effects observed here.
The same relationships were established when far-red was used for both the
pretreatmont and actinic light. The results, similar to those obtained with red

O
X 20

<
Dark
adapted
o

10

/. jht-Response Curves for the On Rate
of the IfiO nm Change in Lightand Dark-Adapted States

o
o

2

4

Light intensity at 685nm,

6

sec

nE cm"

Fig. 31. The low-light-intensity dependence of
the rate of oxidation of cytochrome/ with 685 nm
actinic light of dark- and light-adapted samples.
The procedures for dark and light adaptation
are given in the methods.

40
Percent

T IT rr 1 O N

25

light, gave /,».-, max = 3.5% and 13. 5r; for
the dark- and light-adapted states respectively, where Tmn was 8 X 105 ergs
cm"2 sec"1.

The equilibrium value of the 420 nm
absorbance change is the net result of
both the rate of oxidation and the rate of
reduction of the cytochrome. Variations
in the equilibrium value can be produced
by changes of either or both of these
components. The contribution of each of
these two components was measured separately.
The characteristic light-response curves
at low actinic light (685 nm) are given in

1NST1

60

80

100

light intensity, rel

Fig. 32. Light-intensity dependence of the rate of cytochrome / oxidation in dark- and lightadapted samples with far-red actinic light (/,fiax =8 X 10'"' ergs cm"2 sec""1).
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Fig. 33. Light-intensity dependence of the rate of cytochrome / oxidation in dark- and lightadapted samples with red actinic light (10.8 X 105 ergs cm-2 sec-1).

Fig. 31 for the dark- and light-adapted
states. In this figure the rate of cytochrome oxidation
/
for the dark-adapted
sample yielded a linear curve which did
not pass exactly through zero. However,
the similar curve for the light-adapted
case was dramatically different. Initially
the slope was almost zero, and even at
intensities higher than 3 nE cm-2 sec-1
the slope was still substantially less than
that of the dark-adapted sample.
The same methods were used to measure a light-response curve for the initial
rate of cytochrome / oxidation in the two
states, using a broad band of far-red
actinic light (Fig. 32) . The same general
characteristics were present, although
there was some evidence that at higher
light intensities the slopes were the same
for both the dark- and the light-adapted
samples. Use of a broad band of red
actinic light confirmed that, although
there was substantial variation in the
initial slopes of the light-response curves,
at higher light levels the curves were
approximately parallel (Fig. 33).

Time Course of Light Adaptation of the
Rate of Cytochrome f Oxidation
The time course of light adaptation is
shown in Fig. 34, where £o.5max was approximately sec.
9
Initial tests were also
made to investigate the role of PS 2 activity in the light-adaptation phenomenon. By using DCMU it was possible to
completely prevent the light-induced decrease in the rate of cytochrome / oxidation over the short time scale of these
experiments.
There was also an interaction between
intensity and duration of the light pretreatment, as is shown in Fig. 35. The
sample used for Fig. 34, however, did not
show this effect.
Effects of Light- and Dark-Adapted
States on the Rate of Reduction of
Cytochrome f
For these measurements the initial off
rate of the cytochrome / change at 420
nm was measured after an exposure to red
actinic light of varying intensities. Darkadapted
samples were maintained
in
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cm"3 sec"1). A DCMU treatment (5 X 10"s M), shown as closed circles, was also applied with 100'/<
T red light for light adaptation and 700 nm actinic light.

darkness for a period of 20 nm prior to
measurement. Light adaptation was accomplished bypretreating the sample for
10 min with red actinic light.
Pronounced effects of the state of light
adaptation on the rate of cytochrome /
reduction were observed, as shown by the
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Fig. 35. The effect of intensity of red light
(10-8
10' of
< trpoxidation
cm sec of\> cytochrome
on light, adaptation
of
the X rate
/ for a
fixed duration of 30 sec. 700 nm actinic light
(9.1 nE cm"2 sec"1; was used. The results are
expressed as a percentage of the rate in a sample dark-adapted for 20 min.

response curves of Fig. 36. At low light
it was not possible to distinguish between
the two states. This may be because at
low intensities the rate of cytochrome
oxidation is low enough so that appreciable amounts of oxidized cytochrome do
not accumulate. The rate of reduction
would be the same as that of the endogenous dark reduction of cytochrome that is
independent of system 2. At light levels
above 10% of the maximum, however,
substantial increase in the rate of reduction of cytochrome / was evident in the
light-adapted state. The magnitude of
the increase in the rate of reduction was
dependent upon light intensity and was
consistently 60% higher at high light
intensity. Several other response curves
of this type further established the two
effects at high and low light.
Measurements of cytochrome / reduction at low light gave some evidence for
nonlinearity, as shown in Fig. 36. More
careful measurements were made using
675 nm light to investigate this possibility. Extrapolation of the curve for the
rate of cytochrome / reduction vs. light
intensity yields a positive slope at zero
light intensity, indicating a residual (or
endogenous) rate of cytochrome / reduction from a source independent of PS 2.
The magnitude of the effect was approxi-
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tion was enhanced by 20%. The periods
of far-red pretreatment were increased to
30 min and eventually to 1 hour, but the
result in all cases was essentially the
same: the rate of cytochrome / oxidation
was unaffected, whereas the reduction
rate was enhanced by 22 to 20% . Pretreatment with far-red light had no effecl
on the initial rate of cytochrome / oxidation.

20

40
60
80
Percent light intensity, rel

Fig. 36. The influence of intensity of red light
(10.8 X 10'"' ergs cm-2 sec-1) on the rate of reduction of cytochrome / in the dark- and lightadapted states.

mately 3% of the high-light rate in the
light-adapted state or 10% in the darkadapted state. Of more importance is the
evidence that the low-light responses for
the two states are similar (Fig. 36),
which is a preliminary indication that the
endogenous rate of cytochrome / reduction may not be significantly increased
by light pretreatment.
The Influence of Photosystem 2 Activity
on the Light Adaptation of the Rate of
Cytochro?ne f Oxidation
The interaction between PS 1 and PS 2
activity in producing the light adaptation
phenomenon was investigated by the use
of red and far-red light. The extent of
the inhibition of the rate of cytochrome /
oxidation was shown previously to be
dependent upon the light level, and this
study confirmed this conclusion.
The influence of far-red light pretreatment on cytochrome / activity was also
investigated. The far-red light for this
experiment was defined by using a Schott
RG 9/3mm filter that had a cutoff at
about 700 nm and 50% T at 733 nm.
Cytochrome / oxidation was found to be
unaffected by 10 min of the far-red light,
whereas the rate of cytochrome / reduc-

Far-red light (as well as red light) can
enhance cytochrome / reduction I PS 2 i .
and this process is independent of an
effect on the activity of cytochrome /
oxidation.
It was previously shown that for short
periods of adaptation in red light (Fig.
34) , DCMU could prevent the decrease
of the rate of cytochrome oxidation. The
influence of DCMU was further investigated with red and far-red actinic light of
high intensity. There was only a small
percentage change in the rate of cytochrome /oxidation with high-intensity
red light and, within the accuracy of the
technique, DCMU had no effect on it.
When far-red actinic light was used to
reduce possible back-reduction effects.
DCMU substantially reduced the ability
of high-intensity red light to lower the
rate of cytochrome / oxidation. The difference between far-red and red light
may be due to the lower absorption of
far-red light. The presence of DCMU
for long periods in the light did not completely prevent light adaptation; and this
may suggest that another component, one
that is not directly linked to photosystem
2 activity, contributes to the adaptation
effect.
Interaction Between Cytochrome f
Adaptation to Light and
Temperature
All previous results in this paper refer
to phenomena occurring at 20° ± 1°C.
To confirm the effects for other temperatures, measurements of the light-induced
absorbance change at 420 nm were made
in dark- and light-adapted states over the
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adaptation phenomenon associated with
cytochrome / oxidation. The rate of
cytochrome / reduction showed an increase at all temperatures investigated,
although the magnitude of the response
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Fig, o7. The influence in light-adapted I Iva
of temperature on the equilibrium value (after
2-3 sec light) of the 420 nm light-induced absorbance change produced by red actinic light
22 \ 10'' ergs cm"" sec"1).

range 5C to 40 Cat5°Csteps. Initial measurements were made at 19°C and subsequent ones made as the temperature
was lowered to 5°C and then raised
again, but no pronounced hysteresis in
the results was apparent.
The equilibrium value of the cytochromesignal
/
in the light-adapted state
i Fin. 37 i was shown to be independent of
temperature up to about 30°C. The response at lower temperatures clearly indicates that the rate of cytochrome / oxidation probably exceeded its reduction,
giving rise to a constant equilibrium
value. At higher temperatures a substantial decrease occurred which may be due
to an effect on either the rate of oxidation
or the rate of reduction. For this reason
we studied separately the effects of temperature on the rates of cytochrome /
oxidation and reduction.
Both the increase in the rate of reduction of cytochrome / and the decrease in
the rate of cytochrome / oxidation caused
by the light adaptation occurred at all
temperatures, up to 30°C. The extent of
the decrease in the rate of cytochrome /
oxidation with red actinic light (10.8 X 10r>
ergs cm -' sec ' I was 02%, 45%, 31%, and
18 • 5 . 10 . 15°, and 25°C, respectively. In contrast, at 35°C there was an
increase of 57% . At the highest temperatun,^ some inhibition of the overall electron-transport reactions occurred and
this may account for this reversal of the

was lower at higher temperatures. At 5°,
10°, 15°, 20°, 25°, and 35°C the percentage inrcease of the light-adapted over
the dark-adapted state was 46.3%, 38.3%,
47.3%, 10%, and 6.3%, respectively.
The temperature dependence of the
rate of cytochrome / oxidation for a lightadapted sample is given in Fig. 38. It indicates alackof atemperature effect between
4° and 30°C, some reduction between
30° and 50°C, and complete temperature
inhibition at 52.5 °C. A light-response
curve at 4°C for a light-adapted sample
is given in Fig. 39. There was little evidence for an effect of low temperature on
the shape of this curve, which can be
compared with the curve given in Fig. 33
for a light-adapted sample at 20° C.
The temperature dependence of the
rate of cytochrome / reduction was also
studied. The initial rate of reduction following a red-light exposure showed pronounced sensitivity to temperature (Fig.
40). Two phases were prominent, one
showing an Arrhenius response of an increase in rate with increase in temperature from 4° to 30°C, and another phase
of thermal deactivation of the rate from
200

o

lOO
150-

20
30
Temperature, C

Fig. 38. The influence of temperature on the
rate
of cytochrome / oxidation in a light-adapted
sample.
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60

Fig. 39. The rate of cytochrome / oxidation at
4°C as a function of red actinic-light intensity
in light-adapted Ulva.

30° to 40°C. The first phase was used to
estimate an activation energy (E) from
the equation:
E = R kT
where k is the reaction velocity; R, the
gas constant; and T, the absolute temperature. Under the conditions of these experiments Efor Ulva was 6.6 kcal mole"1.

which is similar to previously reported
values for electron transport systems
(Shneyour et al., 1973).
The reduction in the size of the equilibrium value of the cytochrome / change
above 25°C may be caused initially by an
elevated rate of reduction. At higher
temperatures, a decreased rate of dark
reduction may allow cytochrome to accumulate in the oxidized form, interfering with subsequent oxidation-rate
measurements. High temperatures inhibited cytochrome / reduction irreversibly. Measurements made before and
after a treatment at 40°C for 45 min
established that the equilibrium value
was inhibited 58%, and the rate of cytochromereduction,
/
80%. The two measurements were repeated 18 hours later
and the inhibition was 25% and 60%.
respectively. The rate of cytochrome /
oxidation was inhibited 75% by this heat
treatment. The initial rate of cytochrome
/ oxidation was fully recovered after the
plant had been kept in the dark for 18
hours. After dark recovery from heat
treatment another exposure to red actinic
light produced an inhibition of 59% instead of the 47% seen before heat treatment. Although the rate of cytochrome /
reduction was decreased by the heat
treatment, it apparently could still produce the decrease in the ratio of cytoeffect). chrome / oxidation (light-adaptation
Glutaraldehy de Inhibition of
Cytochrome f Oxidation
and Redaction

10
20
Temperature, C

30

Fig. 40. The influence in light-adapted samples of temperature on the rate of cytochrome /
reduction after an exposure to red actinic light
of high (10.8 X 105 ergs cm-2 sec"1) and low
(2.2 X 105 ergs cm-2 sec-1) intensity.

The light-induced effects on cytochromeoxidation
/
and reduction may involve reorganization of proteins within
the thylakoid membrane. Glutaraldehyde
is presumed to form a cross linkage of the
aldehyde with free-ammo groups in proteins, although it may alter the conformation of membrane proteins. Nishimura
(1968) has previously observed that glutaraldehyde did not affect the rate of
cytochrome / oxidation in algal cells but
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it interfered with dark reduction. Glubaraldehyde has also been shown to have
a substantial inhibitory effect on the 515
nm change in chloroplasts (Oku et al.,
1973L
A test was therefore made oi the possibility that the Light-induced adaptations
of the cytochrome / reactions required
protein movement i either diffusion or
conformational change) that could be decreased by fixing the membranes with
glutaraldehyde. Solutions containing
2 5
or 5.0^ glutaraldehyde in sea
water were used. The solutions were
added in the dark, and apart from the 3.5
sec exposure to actinic light the Ulva
were kept in the dark. Severe inhibition
occurred I greater than 80%) in both solutions within 15 min of both cytochrome
/ oxidation and reduction. Cytochrome /
reduction was virtually eliminated within
10 min after addition of a 2.5cf glutaraldehyde solution even though cytochrome
/ oxidation was 50 rr of its original rate.
These severe effects of glutaraldehyde
precluded the possibility of using this
chemical to fix proteins of the thylakoid
membrane and at the same time maintain
the activity of the photosystems.
Ionic Control of Light Adaptation of the
Rate of Cytochrome i Oxidation
and Reduction
Measurements

were made

with red

actinic light 1 10.8 X 105 ergs cm-2 sec"1)
of the rates of cytochrome / oxidation
and reduction in Ulva immersed in sea
water, distilled water, and distilled water
plus 5 mM MgCL in the dark-adapted
.-ample and in the sample adapted to red
light M0.8 / 105 ergs cm"2 sec"1) for 5
min. The sample was equilibrated in
each new solution for 20 to 25 minutes.
The decrease in the rate of cytochrome /
oxidation in the light-adapted sample
compared with the dark control was
— 67%. . —55% . and — 66% for sea water,
distilled water, and distilled water plus 5

1 N S T I T V HON

mM MgClo, respectively. The increase
in the rate of cytochrome reduction
caused by light adaptation was 72% with
the samples in sea water. When distilled
water replaced sea water, no increase in reduction rate was seen. But with addition
of 5 mM MgCl2 to the distilled water the
rate of reduction was increased 40%
compared to the dark control value.
These results suggest that the decrease in
the rate of cytochrome / oxidation induced by light adaptation was independent of the ionic content of the medium,
whereas cytochrome / reduction was directly related to the ion concentration.
Later in the season the same experiments
were attempted on new Ulva samples,
but the distilled water treatment
caused prolific loss of chlorophyll and
consequent loss of activity of either
photosystem.
Osmotic Concentration and Dark- to
Light- Adaptation of Cytochrome f
Activities
Another method used to investigate
other parameters that may affect the
light-induced adaptation of the chloroplast membranes was to alter the osmotic
concentration of the external solution.
Two osmotic agents, mannitol and NaCl,
were used, up to concentrations producing
35 bars of osmotic pressure.
Some results of the influences of these
osmotica on the rates of cytochrome /
oxidation and reduction are shown in
Figs. 41 and 42. Mannitol had virtually
no effect on either reaction, even at the
highest concentrations used. At high
osmotic pressures in the external medium
NaCl did not affect the ability to cause
light-induced reduction of the rate of
cytochrome / oxidation. This was removed at low pressures, however, and
with the dark-adapted state showing a
progressive decrease with decrease in
pressure and the light-adapted state an
increase at high osmotic pressure then a
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Fig. 41. The influence of varying concentrations of NaCl on the rate of cytochrome / oxidation
in dark- and light-adapted Viva exposed to red actinic light (3 X 105 ergs cm-2 sec"1, 20°C).

decrease with lower pressure. The rate of bars in osmotic pressure produced by
cytochrome / reduction
decreased pro- NaCl. Light adaptation was not affected
■ih
gressively by 50% with
a decrease of 30
by the change in osmotic pressure.
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Fig. 42. The effect of varying concentrations of mannitol and NaCl on the rate of cytochrome /
reduction after an exposure to red actinic light (3 X 105 ergs cm-2 sec-1, 20°C).
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Discussion
Evidence from light adaptation effects
on the 510 nm absorbance change has
boon used to predict that in Ulva and
many higher plants there would be
changes in the characteristics of electron
transport during light adaptation. In this
paper it is shown that both the rates of
reduction and oxidation of cytochrome /
are different in the dark- and lightadapted states.
Cytochrome / is generally considered
to be an intermediate between photosystems 1 and 2 and is therefore an indicator
of electron transport activity. It
seems likely that light adaptation effects
will occur in other components of the
electron transport chain as well. We deduced from these observations that with
the onset of a light period, there is within
the chloroplasts considerable reorganization, which presumably operates to improve coordination of reactions associated
with the light absorption and energy
transformation processes in photosynthesis in balanced light.
Difference spectra for Ulva in the lightadapted >tate showed a prominent Soret
trough at 420 nm. The relatively simple
kinetics of the light-induced changes at
this wavelength suggests there were no
other substances involved in the response
at this wavelength. Evidence from Duysena and others (Duysens, 1955; Duysens
and Amesz, 1962; Witt, 1971) suggests
that the oxidation of cytochrome / can
be used as an indicator of system 1 activity, and the reduction of cytochrome / as
an indicator of system 2 activity. Con>fquently, the results provide evidence
for changes in both the photosystems.
The most significant feature of the
cytochrome / measurements in Ulva was
that the relation-hip between light level
and the steady-state value of cytochrome
/. i.e., the proportion of the cytochrome
oxidized, depended upon the light adaptation of the sample. Ulva adapted by
more than 1 minute of high-intensity red
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light required about 10 times higher lightto produce the same level of cytochrome /
oxidation compared to a dark-adapted
sample. The equilibrium cytochrome /
value reflects the rates of oxidation and
reduction, and measurements of the rates
established that both reactions were influenced bylight adaptation and that the
responses depended upon light intensity.
At low light the oxidation rate was decreased, but the reduction rate of cytochrome /was unchanged (possibly because of the presence of an endogenous
back reduction) . At higher light levels
the slope of the relationship between the
rate of cytochrome / oxidation and light
intensity was unchanged, whereas the reduction rate was enhanced up to 60%.
Investigations were also made of the
influence on the light adaptation processes of other environmental parameters
such as temperature, osmotic pressure,
and nutrition. Over a range of temperatures from 5° to 30 °C there was the
usually observed adaptation of both
cytochrome / oxidation and reduction. At
35 °C the rate of cytochrome / oxidation
increased rather than decreased with light
adaptation. Decreasing the osmotic pressure by addition of NaCl influenced the
rates of both cytochrome / oxidation and
reduction, although the effects were small
for changes from 5 to 15 bars. Of special
interest was the requirement for Mg++
ions in order to see the increase produced
by light adaptation in the rate of cytochrome reduction
/
after an exposure to
photosystem 2 light. In contrast, the influence of light adaptation on the rate of
cytochrome / oxidation was insensitive to
ion concentration. These results demonstrate that the light adaptation process is
only one environmental parameter that
can regulate electron transport processes
under natural conditions.
Several experiments examined the
causes of light adaptation. Experiments
with DCMU and light adaptation to red
and far-red light showed that photosystem 2 was required for the decrease in the
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rate of cytochrome / oxidation in the
light- compared with dark-adapted
states. The increase in the rate of cytochromereduction
/
could occur after both
red and far-red light adaptation but required Mg++ ions. Murata (1969) has
shown that high (5-10 ml) Mg++ ion
concentrations decrease energy transfer
from photosystem 2 to 1 , and this may be
involved in the mechanism responsible
for the effects of ions on photosystem 2
reactions we have observed.
The physiological responses of the
photosynthetic mechanism to light adaptation may be associated with morphological variation that occurs in response
to light adaptation of the duration, intensity, and wavelength used in our experiments. During light adaptation,
chloroplasts become flattened, thylakoids
became thinner, and some alteration in
particle characteristics on freeze-fractured faces becomes apparent (Kushida
et al., 1964; Murakami and Packer,
1970a, 1970b; Wang and Packer, 1973).
One mechanism to account for the structural reorganization during light adaptation suggests that in response to a lightdriven proton uptake by the chloroplasts
there are changes in the ionic environment and osmolarity that alter thylakoid
structure (Murakami and Packer, 1970a).
Differences between responses of electron transport components in dark- and
light-adapted states have previously been
observed in both oxygen exchange and
fluorescence measurements. In chloroplasts and many algae there is, in the
light, a fluorescence induction taking
about 20 min. Hypotheses used to explain the slow changes in fluorescence
yield include activation of photosystem 2
centers (Papageorgiou and Govindjee,
1968) , excitation transfer between the
photosystems (Murata, 1970) , lightdependent conformational change of the
chlorophyll a sites (Mohanty et al.,
1971), changes in the proportion of light
distributed to the two photosystems
(Bonnaventura and Myers, 1969), and
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mutual movement of the two photo
terns to control
electronic
excitation
transfer (Duysens, 1972).
The adaptation to light observed in our
experiments may be compared with the
light adaptation in fluorescence or oxygen
exchange. Several similarities exist, but
because of the differences in the techniques used to observe the state 1— state 2
shifts and those used in these paper- to
investigate quantum efficiency states, it
has not been possible to completely correlate the two phenomena. We found that
photosystem 2 light increases photosystem 2 activity. The results of Murata
(1970) and Duysens (1972), show that
photosystem 2 light decreases photosystem 2 activity. It was also shown (Duysens, 1972) that reaction center 2 was not
inactivated by photosystem 2 light, and it
was proposed that the transition from
state 1 to 2 is caused by a change in the
thylakoid membrane whereby the two
reaction centers move closer together.
However, the results of Murata < 1970 »
and Duysens (1972) refer to very low
light intensities, and our results refer to
higher physiological intensities ranging
up to full sunlight. We interpret our results as showing a light-adaptation effect
in components of photosystem 2, in addition to the effects produced by the change
of state mentioned above.
In our experiments the dark- adapted
state had the higher rates of cytochrome /
oxidation, which may imply high rates of
cyclic electron flow. This state could be
sustained in the light in the presence of
DCMU or by use of continuous photosystem 1light (for short periods) or regained by dark adaptation for 20 min. In
the blue-green alga Anacystis nidulans,
DCMU apparently stimulates an effective cyclic electron flow (Mohanty and
Govindjee, 1973), which may indicate
that the dark-adapted state may be obtained even in the light in the presence
of DCMU. Furthermore, in this bluegreen alga the dark-adapted state could
be regained by 20 min of darkness.
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These effects of the light adaptation on
structure and the effects of light adaptation on the rates of cytochrome / oxidation and reduction observed in this paper
suggest a close association oi structure
and function in the chloroplast. It seems
unlikely, however, that the same mechanisms will he responsible for the decrease
in the rate oi cytochrome / oxidation and
the increase in the rate of cytochrome /
reduction during light adaptation.
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TRANSIENTS IN THE RATE OF CYTOCHROME OXIDATION
/
WITH FAR-RED
AND RED ACTINIC LIGHT IN Ulva IN
THE LIGHT-ADAPTED STATE
David C. Fork a)t(l John H. Troughton

The rates of cytochrome / oxidation
and reduction have previously been
shown to be dependent on the extent of
dark or light adaptation in Ulva. The
rate of cytochrome / oxidation was lower
in samples pretreated with high-intensity
red light for periods as short as one
minute.
One explanation for the decrease in
rate of cytochrome / oxidation in the
light-adapted samples is that photosystem 2 activity is enhanced by the light
treatment, giving rise to a more rapid
rate of cytochrome reduction when the
actinic light contains wavelengths activating photosystem 2. To avoid a possible
contribution from photosystem 2 masking
the rate of cytochrome / oxidation, wavelengths which preferentially excite photosystem 1 ( far-red light) were used. In
addition to using far-red light, DCMU
was added to further reduce any possibility that cytochrome / reduction might be
involved in the effect.
In previous experiments broad bands
of red or far-red wavelengths were used
as actinic light. In these experiments a
narrow band of far-red light was used
that had a peak transmission at 700 nm
and a half band of 5 nm. With this narrow band it was possible to exclude photosystem 2 excitation almost completely
and to obscure what effect this had on
the measurements of transients in the
rate of cytochrome / oxidation. The influence of the number of light exposures and
the duration of dark intervals between
exposures was also investigated. The
methods used were similar to those used
previously, and all results were obtained
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Fig. 43. The time course of the 420 nm absorbance change in dark-adapted (upper trace) and
light-adapted (lower trace) Viva exposed to far-red actinic light (705 nm, 5 nE cm-2 sec-1). The
sample was light-adapted by a 10 min exposure to high-intensity red light (10.8 X 105 ergs cm"2
sec-1). The rate of cytochrome / oxidation determined from the initial slope of the change was 2.5
X 10-3 A A sec-1 in the dark-adapted state and 4 X 10-4 A A sec-1 in the light-adapted state. The
absorption of the sample at 705 nm, measured in an integrating sphere, was about 13%. Note that
the rate of cytochrome / reduction is slow after far-red light but faster after the adaptation to red
light.

with Ulva. The oxidation and reduction
of cytochrome / was measured at 420 nm.
Some measurements were also made at
510 nm.
Results
Far-Red Light and DCMU Effects on
Cytochrome f Oxidation Rates
Initially far-red light was used with
and without DCMU added to the sample
in either the dark- or light-adapted state.
These experiments are shown in Figs. 43
and 44. The rate of cytochrome / oxidation induced by a 5 sec exposure to farred light was measured as the initial rate
of change at 420 nm for a dark- and
light-adapted sample. Figure 43 illustrates how the measurement was made.
The rate of reduction was slow after the
far-red exposure but fast after the red
exposure.

Comparison of the rate of cytochrome /
oxidation in 705 nm light (5 nE cm-2
sec-1) between the dark-adapted samples
(upper trace) and the light-adapted samples (lower trace) illustrates the dramatic
difference between the two states. DCMU
at a concentration of 5.10"6 M was then
used with exposures to 705 nm light. As
shown in the upper trace of Fig. 44, this
concentration had virtually no effect on
the rate of cytochrome / oxidation for a
dark-adapted sample and a small effect
on the already low rate of cytochrome /
reduction (compare with Fig. 43). Addition of DCMU to a sample already light
adapted significantly inhibited photosystem 2 activity, as shown by the slow rate
of cytochrome / reduction after the redlight pretreatment. However, comparison of the rates of cytochrome / oxidation
in samples in the light- and dark-adapted
states, in the presence of DCMU and
with 705 nm wavelength actinic light,
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shows that the lower rate in the lightadapted state is unlikely to be due to an
increase in the rate oi back reduction of
cytochrome / produced by photosystem 2
activity.
Tin Effect of Dark Intervals on the Hate
of Cytochrome i Oxidation in
; t-Adapted Samples
An investigation was made of the influence oi the duration of dark intervals
and timing of exposures of far-red light
on the rate of cytochrome / oxidation.
The previous experiments with red
light hail used a 3 sec dark interval between the end of the 5 to 10 min light
pretreatment and the exposure to 700 nm.
This procedure was also used here for the
700 nm light exposures. Regardless of the
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length of this dark interval, some recovery toward a dark-adapted state will occur. To investigate this effect the dark
interval was varied between 3 and 90 sec.
All samples were illuminated with 700 nm
actinic light and were previously light
adapted with 10 min of high intensity red
light. Figure 45 shows in two samples
that increasing the dark interval allowed
partial recovery of the dark-adapted value
of the rate of cytochrome / oxidation.
After 90 sec this rate was 60% of the
maximum value seen in fully darkadapted samples.
In another experiment shown in the
upper part of Fig. 45, the first dark
interval was varied as before (3 to 90
sec) but a second exposure was given
after a constant dark period of 30 sec.
This combination of dark intervals pro-
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1 m 1 1 The time course of the 420 nm absorbance change in dark-adapted (upper trace) and lightadapted (lower trace) Viva in the presence of DCMU (5 X 10"° M) exposed to far-red actinic light
705 am, 5 oE cm"2 sec-1). The sample was light-adapted by a 10 min exposure to high-intensity
red light (10.8 / 10' ergs cm-2 sec"1). The DCMU was added after light adaptation had taken place
and about 2 rnin before the 705 nm exposure. The rate of cytochrome / oxidation was 2.5 X 10'
-V\ gee in t }i r dark-adapted state (the same as in the non-DCMU treated sample, Fig. 43) and
6<5 / 10 ' -V\ 94 '• in thf- light-adapted stale. The small increase in the rate of oxidation from 4 X
10 ' to 6-5 / 10 ' A.\ sec"1 between the uontreated and DCMU-treated sample (see Fig. 43) in
the light-adapted state may indicate some small photosystem 2 excitation in the sample used for
Fig. 43. Note the influence of DCMU on the rate of reduction following the red pretreatment light,
compared with thf- nontreated example in Fig. 43.
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Fig. 45. Lower curve: The influence of the dark interval following red adapting light on the rate
of cytochrome / oxidation produced by a subsequent exposure to far-red actinic light (705 nm, 9.2
nE cm-2 sec-1). Upper curve: The rate of cytochrome / oxidation in light-adapted Viva measured
for the second exposure to 705 nm actinic light. This exposure was preceded by two dark intervals ;
the first varied from 3 to 90 sec, and the second was constant at 30 sec. The dark interval on the
abscissa refers to the total dark period between red adapting light and the second exposure.

duced an exponential decrease in the rate
of cytochrome / oxidation measured in
the second exposure with time in the
dark. The maximum rate, with the 3 plus
30 sec intervals for the successive dark
periods, was approximately the same value
as in fully dark-adapted samples, whereas
the minimum value was similar to lightadapted samples.
The effect of the second dark interval
was investigated by continuing the first
3-sec dark interval with second dark intervals of 6, 15, and 30 sec. The rate of
cytochrome / oxidation was plotted as a
function of the accumulated dark time
after light adaptation. Figure 46 shows
that pairing dark intervals of 3 and 15
sec produced a transient increase in the
rate of cytochrome / oxidation after about
30 sec of total dark time had elapsed. A
similar peak after 30 sec dark time was
also seen with combinations of 3 and 30

sec dark intervals. Combining dark intervals of3 and 6 sec produced a transient
increase in the rate of cytochrome / oxidation that occurred after about 15 sec of
total dark time had accumulated. Following the transient increase in the rate
there was some recovery toward the fully
dark-adapted value in all cases, but recovery was greater, the shorter the dark
interval.
We investigated the possibility that
far-red light could sustain the high rate
of cytochrome / oxidation seen in the
dark-adapted state. The results shown in
the uppermost trace of Fig. 46 partially
support this possibility, but some decline
toward the low light-adapted values is
evident after 4 min exposure to far-red
light. This result establishes a wavelength dependence of the transient, as
substitution of far-red light yields the
characteristic low light-adapted values.

OSS

CARNEGIE

The Effect of Dark Intervals on the
510 run Absorbance Change in
Light-Adapted Samples
In light-adapted Ulva the transient increases in the rate oi cytochrome / oxidation dependent upon the dark interval
indicate substantial modifications of
photosynthetic processes. As previously
shown, there is a significant similarity in
the behavior of the 510 nm and 420 nm
absorbance changes to light adaptation.
Consequently, measurements were extended to see if the far-red light could
produce similar effects in the 510 nm
sorbance change.
The first peak of the 510 nm change
has previously been shown to be espe-
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cially sensitive to light adaptation. This
peak was therefore used to monitor the
510 nm response when the dark period
between far-red actinic light flashes was
6. 15, or 30 sec, as used in the previous
experiments described in Fig. 45 for cytochrome /.The results, given in Fig. 47,
show some substantial similarities to the
420 nm change but also some significant
differences.
The height of the first peak of the 510
nm change showed similar characteristics
to the 420 nm change when 6, 15, or 30
sec intervals betwTeen flashes were used
(Fig. 47). There was a transient peak in
response occurring about 15 to 30 sec
after the light pretreatment, but within
90 sec the reaction was complete, and, in

Light adapted

Dark interval

|st

2nc'

3rd

L__Jl__jL
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Fig. 16. The eSeci of the frequency of exposures to far-red actinic light (705 nm, 9.2 nE cm-"
in light-adapted Ulva on the rate of cytochrome / oxidation. After light adaptation for 10
min with high-intensity red light, the sample was given a constant 3 sec of darkness followed by
successive 3 sec exposures to far-red actinic light. The subsequent dark intervals between exposures were constant at 6, 15. or 30 sec. The rate of cytochrome / oxidation for a light-adapted sample exposed to low intensity far-red light (705 nm, 9.2 nE cm"2 sec-1) is given in the upper curve.
Dark interval.- of 3 -ee were given each min during exposure of the sample to the 705 nm actinic
light. Thf- rate of cytochrome / oxidation was measured as the initial slope of the change produced by far-red light.
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Fig. 47. The influence of far-red actinic light (705 nm, 9.2 nE cm-2 sec-1) on the peak height of
the 510 nm absorbance change in a light-adapted Viva sample. After light adaptation for 10 min
with high-intensity red light the sample was given a constant 3 sec dark period, followed by successive 3sec exposures to far-red actinic light. The subsequent dark intervals between exposures were
6, 15, or 30 sec. A DCMU treatment (4 X 10-6 M) was also applied approximately 2 min before
the dark period. Measurements were made using dark intervals of 15 sec. The peak height of
the 510 nm change was also measured (dotted line) in a sample transferred from the red adapting
light to low-intensity far-red light (700 nm, 9.2 nE cm-2 sec-1). A 3 sec dark interval was given
each minute, and the 510 nm change was measured on resumption of the far-red light.

contrast to the 420 nm results, there was
no evidence for further recovery of the
response. Longer dark periods led to a
recovery as part of the dark recovery
processes.
In further contrast to the 420 nm response, continuous 700 nm light did not
maintain the equivalent of a darkadapted value for the 510 nm change but
produced only a small variation during
the period of the experiment. The values
in continuous far-red light were close to
light-adapted values. Other major differences between the 420 and 510 nm lightinduced changes were the absence of any
requirement for the priming action of the
initial 3 sec exposure in the 510 nm
change and the lack of any recovery in
the 510 nm change after an accumulated
dark period of 2 min (cf. Fig. 46 and Fig.
47).

A DCMU treatment, measured at 700
nm, indicated the transient increase was
dependent upon the activity of photosystem 2, presumably activated by the pretreatment illumination.
A Comparison of the Effectiveness of
Light Adaptation with Red and Far-Red
Light on the Rate of Cytochrome f
Oxidation in Far-Red Actinic Light
Previous measurements were made
with a light pretreatment of high intensity red light. To investigate the wavelengths responsible for the transients in
the rate of cytochrome /, oxidation measurements were made of the effectiveness
of adaptation to 650. 675. and 700 nm
light on the rate of cytochrome / oxidation produced by far-red actinic light. As
shown in Fig. 48, the transient increases
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Fig. 48. Influence o\ the wavelength of the adapting light on the subsequent rate of cytochrome
/ oxidation produced by far-red actinic light (705 nm, 9.2 nE cm-2 sec-1). The wavelengths were
650 nm (1.3 nE cm"" sec-1), 675 nm (low, 1.3 nE cm"2 sec-1; high, 5.9 nE cm-2 sec-1) and 700 nm
1 1.3 nE cm"2 see"^). The first 3 sec exposure to far-red actinic light was made after a dark interval
of 3 - c and subsequent measurements after dark intervals of 12 sec.

in rate were produced only by prior adaptation to light which activated photosystem 2.
Effect of Adaptation to Low Intensity
/-.'■ / Light on the Rates of Cytochrome f
Oxidation and Reduction
To further analyze the influence of the
adaptation
of light intensity on the

light— dark transients, the Ulva was pretreated in low (7.0 nE cm-2 sec"1) intensity red light. The results are given in
Fig. 49. The rate of cytochrome / reduction, which was high in the light-adapted
state, fell rapidly toward the darkadapted value. There was also some increase in the rate of cytochrome / oxidation, although without the pronounced
n
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Fig. 19 The influence of 10 min of red light (650 nm, 7.0 nE cm-2 sec"1) adaptation on the initial
of cytochrome / oxidation and dark reduction in red actinic light (670 nm). The first 3 sec
rare to red actinic light was made after a dark interval of 3 sec, and subsequent measurements
at dark intervals of 15 -< <■.
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transient increase described previously.
The acceleration in the rate of cytochrome oxidation
/
increased toward the
value seen in the dark-adapted state, but
the light-adapted value was relatively
high since low intensity red adapting
light was used.
Discussion
The light adaptation effects reported
in the previous three articles in this Year
Book consistently indicate the dynamic
nature of the electron transport system.
Further confirmation of rapid changes in
electron transport and membrane associated reactions is provided by the transient responses of the 420 and 510 nm
changes reported in this paper.
In these results there was a pronounced
basic similarity in the response to varied
light and dark conditions of the rate of
cytochrome / oxidation measured at 420
nm in far-red light and the steady-state
value of the 510 nm change. The light
adaptation effects on the 510 nm change
suggest substantial conformational
changes are occurring in chloroplast
membranes, and these changes may be
responsible for variation in physiological
reactions such as changes in the rate of
oxidation of cytochrome /.
In addition to the general similarity
in the transient increases in the rates of
cytochrome / oxidation and of the height
of the 510 nm change, there were also
several important distinguishing features.
The 510 nm change did not require any
"priming" reactions, whereas the rate of
cytochrome / oxidation in far-red light
required two exposures to produce the
maximum transient increase. The 510
nm response suggests that membrane
components were affected immediately
by light pretreatment, whereas the rate
of cytochrome / oxidation required a
"primer" exposure and its ability to
increase declined with increasing length
of the dark period. These results suggest
that light adaptation produces a state or
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compound which is lost in the dark but
that the loss can be arrested by a light
exposure given immediately after darkening. Continuous far-red light can sustain the high rate of cytochrome /
oxidation but not the 510 run change.
Some evidence was obtained that suggested the transients were a result of
photosystem 2 activity. DCMU inhibited the 510 nm transient that normally
occurred during transfer from light to
dark. Evidence involving photosystem 2
in the production of the transient in the
rate of cytochrome / oxidation was provided by experiments which used photosystem 1or 2 light during light adaptation. Far-red light pretreatment did not
produce a transient in the rate of cytochrome oxidation,
/
but red light did.
Transients in several other manifestations of photosynthetic activity have
been observed and may be related to
those seen for the 510 and 420 nm lightinduced changes. For example, postillumination transients in ATP and
AMP levels with maxima (or minima)
occur within a minute after the light
exposure (Lewenstein and Schneider.
1971). Reid et al. (1973) have observed
transients in oxygen exchange that have
the same time dependence as those described in this paper for the 510 or 420
nm changes.
The evidence in this and the associated paper (this Report) showing that
oxidized cytochrome / can be reduced in
the presence of DCMU or after an exposure to photosystem 1 light, suggests
either an endogenous or a cyclic electron
transport mechanism or both are responsible for this reduction. The initial rate
of reduction was many times greater
(about 10 times) after balanced system
1 plus system 2 light than in samples
treated with DCMU or after far-red
light that excited only photosystem 1.
If all or a portion of this slow reduction
is due to cyclic electron transport, then
the magnitude of the process must be
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small, but over Long periods the photothe
with
associated
phosphorylatioD
cyclic reaction may contribute significantly to the metabolism of the cell.
Post-illumination reduction of oxidized
cytochrome / has been attributed to noncyclic and cyclic electron transport by
Biggins (1973). In the red alga Porphyridium amentum, Biggins has used
the characteristics oi the kinetics oi dark
reduction of cytochrome / to distinguish
between the two electron transport pathways. He showed that the turnover of
cytochrome / in the cyclic pathway was
about six times faster than in noncyclic
electron transport. No more than 2%
oi the total transport was via the cyclic
pathway, but at low light intensity
cyclic electron transport became increasingly significant. It could be anticipated,
therefore, that with low light, and particularly with photosystem 1 light, there
is potentially an alternative source of
energy in addition to noncyclic electron
transport.
Two features of the 510 and 420 nm
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conversion
via cyclic photophosphorylation.
These results essentially refer to shortterm light adaptation, but they are also
relevant to understanding mechanisms
oi plant adaptation to light. In light
with both photosystem 1 and photosystem 2 activity, it has been shown that
plants transferred from medium to low
light, even below their light compensation point, adjust their respiratory metabolism (and presumably oxidative
phosphorylation) within a day to maintain a very low yet net positive carbon
balance (McCree and Troughton, 1966).
Light intensity in a sward of plants,
however, is attenuated within the canopy
to almost complete darkness with dense
cover. The filtering effect produced by
absorption by leaves will allow penetration of far-red light but reduce light
having wavelengths in the region from
400 to 700 nm. Thus a canopy creates a
special low-intensity light environment
that is enriched in long wavelengths.
These conditions wrould be expected to
maintain the leaves in a dark-adapted
state in which photosystem 1 light is

light-induced absorbance changes in
higher plants and Ulva reported in this
-cries are especially relevant to possible
ecological and agronomic significance of
cyclic electron transport. It was established that at low light the quantum
efficiency of cytochrome / oxidation was

efficiently utilized in photochemical reactions, with the possibility of ATP generation via cyclic photophosphorylation.
The electron transport reactions under
these special light environments will not

highest in dark-adapted samples or
samples kept in far-red light. Even in
light-adapted leaves, transfer to far-red
light of low intensity apparently retained the high quantum efficiency state,
at least over short periods. The second

directly assist in carbon dioxide assimilation because of the low levels of photosystem 2 light. A plant with only the
lower leaves subjected to these light
conditions may adjust the respiration
rate of the lower leaves in the course of

*ure was the ability of wavelengths
a- long as 740 nm to generate a substantial light-induced absorbance change at
510 run in dark-adapted samples. This
occurred at light levels as low as 1.0 nE
cm"2 sec l. These results demonstrate
that long wavelengths can efficiently induce photochemical reactions in plants
kept dark or adapted to long wavelengths, with the potential for energy

light adaptation independently of leaves
situated in high light. However, the
lower leaves may also have access to
carbon products translocated from the
leaves in high light. This fixed carbon
may be used in oxidative phosphorylation and is therefore an alternative energy source. These leaves are in contrast
to individual plants undersown in a
pasture or crop, or growing inside forests

693
DEPART

M E NT

O F

PLAN

T

B I O L O ( ', Y

where the entire plant receives low light
and there is no possibility for redistribution of carbon. Under these adverse
light conditions the utilization of the
long wavelengths in cyclic phosphorylation may provide an important source of
energy for "maintenance," to supplement
energy derived via the functioning of
noncyclic electron transport or to bridge
prolonged periods of low CO2 fixation.
Furthermore, the utilization of cyclic
phosphorylation as an energy source for
processes such as maintenance of photosynthetic structures and ion transport
(Johansen and Liittge, 1974) may maintain leaves in a metabolically active
state to utilize efficiently sunflecks that
occur infrequently but provide light of
high intensity, short duration, and balanced wavelengths. Oxidative phosphorylation would utilize the relatively
scarce carbon in the plant.
This scheme for establishing ecological significance to the phenomena reported in this series of papers refers to
short-term light adaptation of plants
grown or kept at relatively high intensities. It is further possible that plants
grown at low light intensity more permanently adjust electron transport processes to favor a cyclic electron flow. This
is supported by data of Wild et al.
(1973) who reported that Sinapis alba
plants grown at low light intensity had
a high ability for cyclic photophosphorylation. This was inferred from the
higher P700 to cytochrome / concentration in low vs. high light plants and the
increase in cytochrome b content of the
leaves on transfer from high to low light.
In low-light plants, the P700 concentration was three times higher than cytochrome /compared with a 1 : 1 ratio in
high-light plants, which may indicate
the potential for increased activity associated with photosystem 1.
Bedell and Govindjee (1973) reported
that light-induced ATP production wTas
a nonlinear function of light intensity

with a DCMU
insensitive step whir.-}]
saturated at low light intensities (0.0 1 /
105 ergs cm-2 sec"1). In Chlorella and
other algae the cyclic photophosphorylation saturates at lower light intensities
than noncyclic photophosphorylation,
but in chloroplasts from higher plants
the reverse occurs (Bedell and Govindjee, 1973; Raven, 1970; Avron and Neumann, 1968). In the blue-green alga
Anacystis there was a suggestion that
cyclic was greater than noncyclic photophosphorylation. Forti and Parisi (1963)
have shown that cyclic photophosphorylation can occur in leaves of higher
plants and at higher rates than oxidative
phosphorylation.
If ATP production via a cyclic pathway activated by photosystem 1 light is
likely to be a significant component of
the energetics of the cell, then it should
be possible to measure ATP production
in far-red light. Urbach and Kaiser
(1971) have shown that in a nitrogen
atmosphere Ankistrodesmus can produce
70 /xm ATP/mg chlorophyll after 1 minnm light
(104same
ergs reactions
cm-2 sec-1 in) .
whichute of 717
is similar
to the
670 nm light. This ATP synthesis will
also occur at 717 nm in the presence of
DCMU and has been attributed to cyclic
photophosphorylation. The results provide further evidence for the possibility
that the far-red activity of both the 510
and 420 nm light-induced absorbance
changes is linked to cyclic photophosphorylation with the possibility that the
ATP synthesized is used in some other
reaction than C02 fixation. The same
reasoning suggests for further testing the
possibility that the transition from the
dark- to light-adapted state of the cytochrome /oxidation rate is associated
with supplying ATP to form ribtilosediphosphate and "trigger" photosynthesis in any condition where the noncyclic
process cannot get started because of the
lack of electron acceptor (Forti and
Rosa, 1971). The results do suggest that
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considerable molecular reorganization is
occurring as chloroplasts become adapted
to light. However, the dynamic responses
also make it more difficult to measure
a rate of cytochrome oxidation equivalent to that which may be occurring in
the light.
The evidence accumulated in this
series of experiments indicates that there
are substantia] alterations in the photochemical reactions of chloroplasts that
can occur within short periods of time.
These alterations appear to reflect reorganization oi the photosynthetic apparatus in the thylakoid membrane in response to light.
A fuller understanding of how these
reorganizations are influenced by light
and other environmental variables will
It important for providing an integrated
concept of structure and function in
photosynthesis, as well as for providing
an understanding of the interaction of
plants with their environment.
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SPECTRAL
PROTEIN
DIVERSE
PLANTS

FORMS
OF
COMPLEXES
GROUPS

/. S. Brown, R. S. Alberte* J. P. Thornber* and C. S. French

For many years this laboratory has
: concerned with the state and function of chlorophyll
(chl) in vivo. The
ter part of this work has centered
around
obtaining
precise
absorption
spectra of chloroplast particles too small
and finely divided to cause artifacts due
to light-scattering or flattening of the
absorption
maxima.
Computer-assisted
curve analysis has been performed on
numerous low-temperature spectra of a
variety of plants and chloroplast
fractions enriched in photosystems (PS)
I or II {Year Book 70, p. 487; French
et nl.. 1972 1. Spectra showing consid* Department of Biology, University of California, Los Angeles, California.

erable variation in the shape of their
red absorption band of chl a and in their
content of chl b were selected for analysis. All these spectra could be fitted by
the sums of four major Gaussian component curves at nearly the same four
wavelength positions and bandwidths
but in differing proportions. In addition,
minor curves in the long wavelength
region, curves to represent chl b, and
composite curves to represent the lower
vibrational states were added where
necessary. These component curves represent the absorbing forms of chl a or b.
No one spectral form has been separated
completely from the others in any plant
or fraction thereof; the longer wavelength forms may be converted into the
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shorter wavelength forms by detergent
treatment of chloroplast fragments (Year
Book 70, pp. 493 and 503).
Procedures have been developed in
Thornber's laboratory at the University
of California, Los Angeles, to prepare detergent-soluble chlorophyll-protein complexes of molecular weights of less than
200,000 daltons from various plants. Two
main complexes have so far been resolved. The P700-chl a-protein (also
termed the PSI chl-protein or Complex
I or CPI; CPI will be used to refer to
this component here) has a low ratio of
chl to P700 (the reaction center of PSI).
Usually a 9- to 10-fold enrichment of
the P700 in the whole chloroplast extract
is obtained. The light-harvesting chlprotein (also termed PSII chl-protein or
Complex II or CPU; CPU will be used
here) has been observed in all of the chl
6-containing plants examined, but it is
not present in a mutant lacking chl b
(Thornber and Highkin, 1974.) This
chl-protein contains the chl 6 of a plant
together with an equal amount of chl a.
These two complexes account for 50-70%
of the chl in most plants examined. The
remaining chl a is recovered as free pigment (FP) , probably removed from some
protein moieties by the detergent treatment. Methods are being sought to preserve this labile portion.
Collaboration between our two laboratories began in February 1974 with two
general objectives. One was to examine
chl-protein complexes in green algae, in
yellow-green algae such as Tribonema
and Botrydiopsis which contain no chl 6,
and in Euglena in which the proportion
of chl b can vary greatly during growth.
A second objective was to obtain lowtemperature absorption spectra of the
chl-protein complexes from a number of
different plants and to compare their
spectral forms by curve analysis.
Methods
Tobacco (Nicotiana tabacum) was
grown in a glasshouse at the University

of California, Los Angeles. Leaves; wore
harvested from plants 4 to 6 weeks old.
Spinach {Spinacea oleracea) was obtained from a local market.
The various algae were all grown in
1-liter batches in the appropriate medium on a shaker over fluorescent lamp(approx. 7000 lux) with C0.2-enriched
air. After 5 to 10 days the cells were
harvested by centrifugation, and the
pellet was frozen until used in the detergent extraction procedure.
Chloroplast fractions were isolated
from the plant material by differential
centrifugation of Waring blender homogenates of leaves and from French
pressure-cell homogenates of the algae.
Soluble proteins were removed from the
membranes by washing writh 50 mM Tris.
pH 8.0, and the photosynthetic membranes collected by centrifugation.
Stroma (Fr 1) and grana (Fr 2) lamellar
fractions of spinach were prepared according to Gasanov and French (1973 1.
The relative proportions of CPI and
CPU wrere measured following polyacrylamide-gel electrophoresis of chloroplast lamellae solubilized with sodium
clodecyl sulfate (SDS) (Thornber et aL.
1967; Thornber and Highkin. 1974 1. In
higher plants and green algae which contain chl b, three green bands are observed
in the gel. The zone with lowest electrophoretic mobility near the top of the
gel is CPI ; the next zone is CPU ; and
the fastest migrating zone is FP (Fig.
50). The proportions of pigments located
in each zone were measured by densitometer scanning of the gel. Absorption
spectra of each band were recorded in
situ after slicing from the gel.
CPI and CPU can be isolated according to the methods described in Albert e
et al. (1973) for CPI and in Kung and
Thornber (1971) for CPU. These procedures involve solubilizing chloroplast
lamellae with Triton X-100 for the subsequent isolation of CPI or with SDS
for CPU, followed by chromatography
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rich and Thornber, 1971). A differential
extinction coefficient of 65 mequiv"1 cm"1
(Hiyama and Ke, 1972) at 697 nm was
used.
CPI

CPH

FP

Fig. 50. Polyacrylamide-gel electrophoresis of
a SDS extract of photosynthetic membranes of
barley on SS acrylamide in 0.1259c SDS-50
m.V Tris-HCl, pH S.O. The gel is not stained.
The direction of movement of the chl-containing zones was from top to bottom, i.e.. towards
the anode. The zone with the lowest electrophoretic mobility is the P700-chl a-protein
(CPI) ; the zone of intermediate mobility is the
chl 'v-/)-protein (CPU) : the fastest migrating
zone is free pigment (FP).

of the detergent

extracts

on hydroxyl-

apatite.

The amount of P700 was measured
with an Aminco DW 2 spectrophotometer
- the dark recovery following photobleaching at 697 Dm; ascorbate and
methyl viologen were added to aid the
oxidation and reduction of P700 (DietTABLE

The effect of light intensity and salt
concentration on the chl a/b during
growth of Dunaliella was determined.
Two series of tubes separated by a plastic screen were placed in front of one
warm white and one cool white, 20W
fluorescent lamps so that the front series
received about 5000 lux and the back
series about half that intensity. Artificial sea water (ASW) containing 5 concentrations ofNaCl from 0.55 M to 2.55
M were tested. All of the tubes were
bubbled with 3% C02 in air. The algae
were adapted to each salt concentration
before the start of the experiment, and
aliquots were withdrawn at knowm cell
densities in order to control the effect of
mutual shading. The chl a and b concentrations were measured in 80% acetonewater extracts according to Arnon
(1949).
Results and Discussion
Characteristics of the Complexes
A summary of the results of the application of these procedures to several
plants so far studied in this project is
presented in Table 3 and Fig. 51. Results
with several types of plants are discussed below.

3. Some Characteristics of the Total Extract and of CPI in Various Plants
Absorption
max vnmj

Chl/P700
'1

Chl
a/b
2.9
Spinach
h malieUa

Homogenate
Grana (Fr 2)
Stroma I Vr 1 )
LOW

Euglt na
Tribonetna
Botrydiopsis
Phornridium

-:ilt

High salt

2.6 ~6
2.2
4.0
3.2
2.4

Total extract
400
300
400
117
280
450
350
1050
1200
100

45
CPI
40
42
39
40
32
32
45
90
140

/

CPI
077
077
077
077
070
070
070
072
073
677
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Grana

j

)

( Dunaliella

Stroma \
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)

♦

Euglena
f
High salt

Tribonema

I

Botrydiopsis

Fig. 51. Proportions of chl-proteins (CPI and CPU) and free pigment (FP) in several plants,
measured by densitometer tracing of polyacrylamide gels following electrophoresis of SDS extracts.

Higher Plants. Tobacco CPU (and
other higher plants studied) contains
probably all of the chl b of the plant
and has equimolar amounts of chls a and
b. Therefore, an estimation of the
amount of CPU in plant material can
be made from the ratio of chl a to b in
a total extract. For instance, in tobacco
the chl a/b was 2.9. The proportion of
CPU predicted from this ratio is 51%.
Fifty-two percent was actually measured. Normally, the lower the ratio,
the more CPU is observed (Alberte et
al, 1974).
The question has arisen whether or
not PSI in stroma lamellae is identical
to that in grana lamellae. Arntzen et al.
(1972) presented evidence for a difference in the structure of the PSI fractions
because only the PSI from the grana
would recombine with PSII and reconstitute electron transport activity from
diphenylcarbazide to NADP+. Gasanov
and French (1973) compared the spectral
forms of chl a in the two PSI fractions
and found differences in the proportions
of the longer wavelength forms of chl a
and in chl b. Therefore, we decided to
isolate and compare CPI from the two
lamellar fractions to determine whether

any differences were observable in that
component, which is the heart of PSI.
In spinach the relative proportions of
CPI, CPU, and FP were determined
from densitometer tracings of the polyacrylamide gels following electrophoresis
of the SDS-treated homogenate, Fr 1
(stroma) and Fr 2 (grana). The proportions of the solubilized chl-protein
complexes are similar in spinach to those
in chloroplasts from other higher plants
(Figs. 50 and 51). The stroma lamellae
had more than twice as much' CPI as the
total homogenate and 3.6 times as much
as the grana. In the previous experiments of Gasanov and French 1 1973 1
the stroma particles had 1.8 and 2.3 times
as much PSI activity per unit of chl as the
homogenate and grana particles, respectively. PSI activity was measured by
cytochrome c photooxidation. Considering the variability in different batches of
spinach, the correlation of PSI activity
with the amount of CPI is remarkably
close, but this was to be expected.
Neither the stroma nor the grana
lamellae had as much CPU as would be
expected from their chl a/b. It is
possible that with these well-washed
fractions, the SDS
(SDS/chl = 10/1)
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liberated more FP from CPU than in
chloroplasts where more Donpigmented
protein is present to bind part oi the
detergent.
CP1 was isolated from Triton extracts
of the homogenate, the grana, and the
stroma lamellae. The absorption spectrum and ratios of chl to P700 were
measured for each Triton extract and
each separated CPI i Table 3). The absorption maximum oi the CPI from each
i taction was at 677 nm. The P700 enrichment in CPI compared to that in
the starting material was nearly 9-fold
from both the homogenate and grana
particles. There was only a 3-fold enrichment in stroma CPI; however, this
fraction was already more than 3-fold
enriched in P700. The ratio of chl to
P700 was the same in CPI from the three
sources. Therefore, it appears that the
PS I reaction center complex (CPI) is
the same or very similar in the stroma
and grana regions of the chloroplast. It
is proposed that analysis of the primary
structures of the CPI from the two regions be used to confirm their similarity.
Algae. Dunaliella salina is a green,
halophilic alga related to Chlamydoas sp. Its growth and fractionation
were described in Year Rook 72, p. 351,
and by Brown and Gasanov (1974). For
those experiments it had been adapted
T<i grow in ASW phis 1.5 M NaCl in order
to facilitate breaking the cells by ostic -hock. Recent experiments have
shown an effect of both light intensity
and -air concentration on the chl a/b
in Dunaliella. Figure 52 shows that
light intensity during growrth controls the
proportion- of chls a and b to a greater
extent than does the salt concentration.
The chl a b was more affected by salt
concentration at high than at low light
nsity. However, in repeated experiments the cells in 1.55 M NaCl always
had a lower ratio than fit her those in
0.5 .1/ or 2.55 M NaCl at the same light
intensity; 2.55 M was never as high as
that in 0.55 M NaCl (ASW).
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0.55

1.05

Molarity

1.55

2.05

2.55

NaCl

Fig. 52. The ratio of chl a to 6 in Dunaliella
grown with high or low light intensity in a
medium with different concentrations of NaCl.

For the extraction of chl-proteins,
Dunaliella was grown in either ASW
(0.55 M NaCl) or ASW plus 1.5 M NaCl.
Because cells from dense cultures were
harvested, the effective light intensity
during the final cell divisions was fairly
low in both salt concentrations. The
cells grown in the higher salt concentration had a lower chl a/b. This difference
correlated with proportionately more
CPU in the high-salt cells (Fig. 51).
Also, these high-salt cells had a higher
ratio of chl to P700, as would be expected since there is more chl b associated with the membranes and therefore
more CPU associated with the photosynthetic unit (Alberte et al., 1974).
However, the absorption maximum, chl/
P700, and the proportion of CPI were
the same in both types of cells (Table 3) .
If increased salt concentration is considered to be a stress condition, it can
be hypothesized that the alga attempts
to compensate by making more lightharvesting chl-protein relative to its
reaction-center protein. A similar adaptation can also be observed in some other
plants

grown in dim

light

(Grahl

and
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Wild, 1972; Roger and Krauss, 1970; During the procedure for the isolaWild et al., 1973). These experiments tion of CPU from an SDS extract, most
demonstrate the dynamic nature of the of the chl b came through with the first.
photosynthetic apparatus in its ability 0.2 M phosphate wash. This fraction
to modify its organization and specif!- also had considerable long wavelength
cally its proportions of chls in response absorption as shown in Table 4 and
to certain environmental factors. Fig. 54.
Euglena gracilis can vary both the Upon poly aery lamide gel electrophoquality and amount of chl per cell dur- resis, Euglena
chl-proteins tended to
ing the growth of a culture (Brown and break down readily, and it was necesFrench, 1961).
When
growing under sary to use a lower concentration
of
bright light this alga has a chl a/b simi- SDS (0.05%) plus 2 ml MgCl2 in the
lar to green algae; but under dim light electrophoresis buffer to slow this dissoor in a dense culture, not only does the ciation. Four distinct bands could then
amount of chl a increase, but also the be seen, but the lower three bands did
relative absorption between 690 and 700 not separate sufficiently to make
a
nm increases greatly compared to that measurement of their individual amounts
in green algae. This long wavelength- or of their absorption spectra. The band
absorbing chl is more labile than the just below CPI may have been a chl
shorter
wavelength-absorbing
forms; o-protein that gradually dissociated into
therefore, some is always destroyed dur- subunits to form the next band. The chl
ing breakage of the chloroplasts or by in this band subsequently migrated into
detergent
treatment.
Although
older the lower FP band. This is being invescultures contain more of the long wave- . tigated further.
length forms of chl, they also have more Tribonema
aequale:
Initial experiphaeophytin which interferes with the ments showed that extracts from frozen
procedures
for isolating
chl-proteins. cells contained a high amount of phaeoTherefore, results reported here were phytin. Therefore, cells that had been
with Euglena harvested near the end of harvested and stored in 50 milf Tricine,
the logarithmic growth phase.
pH 7.5, at 4°C overnight were used.
Both in the gels and on hydroxylapa- Although this alga and also Botrydiopsis
tite (HA) , Euglena extracts behaved dif- are difficult to break, two passages
ferently than extracts of green algae or through an Aminco French Pressure Cell
higher plants did. CPI, with the highest at 20,000 lbs total pressure produced
concentration of P700, was eluted from sufficient cell extract for the isolation of
the HA column following the Triton CPI and for the SDS-gel electrophoresis,
wash rather than during the 0.2 M phos- The concentration of P700 in the total
phate wash as with most other plant extract was lower than in the other
extracts. The concentration of P700 in plants, although a 12-fold enrichment
the total extract was somewhat lower was found in CPI. The light minus dark
than in higher plants, and the amount of difference spectrum of P700 had a trough
CPI observed in the gels was also lower at 697 nm like most other plants. Trias anticipated (Fig. 51). If after the bonema also showed very little CPI in
elution of CPI, the HA column is washed the SDS gel (Fig. 51) concomitant with
again with Triton and 0.2 M phosphate, its low concentration of P700. An addia small amount of a chl a-protein (CPai) tional chl a protein (not CPI) broke
can be collected; this fraction has no down during electrophoresis just as with
detectible P700 but exhibits the very Euglena extracts. In view of these interunusual absorption spectrum shown in esting differences, further work on this
Fig. 54.
organism should prove very revealing in
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understanding the organization of chl
in vivo.
Botrydiopsis alpina, frozen and stored,
can be used without the problem of
phaeophytin formation. Although the
concentration of P700 in extracts of this
alga, is, like Tribonema, very low, we
were able to obtain a CPI fraction which
represented almost a 9-fold enrichment
in P700. However, with this alga as
well as with Euglena and Tribonema,
we are investigating other conditions for
isolating the chl-proteins and for electrophoresis so that dissociation does not
occur ; only in this way will it be possible
to make comparative biochemical studies
of pigment organization within the plant
kingdom.
Phormidium luridum, a blue-green
alga, was used to isolate a P700-chl
a— protein by the procedure of Dietrich
and Thornber (1971). This complex is
thought to be analogous to CPI of higher
plants (Thornber, 1969) . However, the
blue-green algal chl-protein is stable to
SDS and can be isolated from SDS extracts of the membranes, unlike CPI of
eukaryotic organisms for which Triton
must replace SDS in the purification procedure. Tables 3 and 4 and Figs. 53 and
54 demonstrate the striking analogy between the CPI of eukaryotic plants and
prokaryotic blue-green algae. It is noteworthy that the longer wavelength forms
of chl a are well preserved in the Phormidium chl-protein. (See also the 77 °K
spectrum of the P700-chl-protein of
Tolypothrix in Fig. 11, Year Book 68).
Analysis of Absorption Spectra
An absorption spectrum of each dilute
(OD < 0.5 at 680 nm) complex was
measured at — 196 °C with the spectrophotometer described in Year Book 66,
p. 175. Each curve was digitized (Year
Book 67, p. 535) and fitted with Gaussian components to represent various
absorbing forms of chl (French et al.,
1972). The analyzed spectra are shown
in Figs. 53 and 54.

With each analysis a complete printout gives the standard error, the wavelength position, half bandwidth in nm,
and the area encompassed by each band.
The calculated amount of each component band as a percentage of the sum
of the areas of the other component- is
given in Table 4. The bands below 040
nm represent composites of the lower
vibrational levels of the main band- at
longer wavelengths and are not included
in the table.
In previous publications the small
component near 640 nm has been assumed to be a form of chl b. However,
Thomas (1971) found that the absorption in this region did not show the same
bleaching kinetics as chl b. Here, when
the analyses of Complexes I and II are
compared, it is evident that a large
change in the amount of chl b, represented by the 650 nm component, is not
correlated with a change in the 640 nm
band. Furthermore, the 640-component
is present in material lacking chl b.
Therefore, we are no longer classifying
the 640-band as a form of chl b and
have not included it in Table 4.
As discussed previously (Year Books
69 to present) the red absorption band
of chl a from all the plants measured
can be fitted by four component curves
absorbing near 662 (Ca662), 670. 677.
and 684 nm. These are called the major
absorbing forms of chl a although in any
particular spectrum the exact absorption
maximum may vary by one or two nm.
Some plants also contain longer wavelength absorbing forms between 690 and
710 nm.
The chl-protein complexes contain the
same major forms of chl a as the chloroplast particles analyzed previously. In
addition, preliminary fourth derivative.
low-temperature spectral analyses (performed in Professor W. L. Butler's laboratory) of the same samples of CPI and
CPU of tobacco used here showed essentially the same peak positions for the
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Fig 53. Curve analyses of absorption spectra measured at —196° C of detergent-solubilized chillis from tobacco, spinach, and Dunaliella. The error of fit at each point is shown on a scale
below each curve with the designated magnification; the higher the magnification, the better the
fit. Thf data from these analyses are given in Table 4.
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tral forms as found in the curve
analyses. Thus, there is probably little
or no alteration in the organization oi
chls in the isolated complexes from thai
which occurs in vivo.
However, the proportions oi the forms
in the total chloroplast preparation from
tobacco dissolved in \cc Triton (Triton:
chl = 75:1 w w) are changed from those
in the homogenates prepared from chloroplasts oi spinach or green algae in the
absence oi a detergent (French et al.}
1972 1. In the spectrum of Tritondissolved tobacco membranes, Ca677 is
much reduced compared to Ca662. In
previous experiments {Year Book 70, p.
493 1 0.08rr Triton appeared to convert
Ca684 and the longer wavelength forms
into Ca662 and Ca670, while Ca677
remained unchanged. Here the concentration of Triton is much greater, which
may explain why some of the Ca677
appears to be changed also. These
changes in proportions are presumably
a consequence of dissociation of those
pigments that electrophorese in the FP
zone from their in vivo location; it has
yet to be determined whether Triton
dissociates CPU (Triton apparently does
not alter the spectral forms of CPI).
In Table 5 the percentages of the chl
components in Table 4 have been
grouped and averaged. CPU from tobacco and Dunuliella is compared to
< PI from the same plants, and the latter,
in turn, is compared to CPI from
dena and the three algae that lack
chl b. f'PII has not been observed in
plant- lacking chl 6. and even in Euglena
the fraction we call CPU behaved dif-
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ferently chromatographically from the
CPU from leaves or green algae.
Although the component at 650 nm
represents chl b in all plants that contain this pigment, there appears to be
some absorption near 650 nm even in
those lacking chl b. Probably this absorption results from the overlap of
Ca662, an unknown 640-component, and
the broad composite bands representing
lower vibrational states. But this also
means that from 5 to 10% of the absorption near 650 nm usually assigned
to chl b is not due to absorption by this
Except for the higher proportion of
pigment.
chl b, the other bands in CPU are similar in proportion to those in the total
Triton extract. This is not surprising
since CPU comprises about 60% of the
total chl, which represents about 40%
of the chl a and most, if not all, of the
chl b. On the other hand, the proportions
of the forms in CPI are similar to those
seen in PSI particles from leaves or green
algae. Again this is not surprising since
CPI comprises over 40% of the chl a
in PSI. It was shown in Year Book 71,
p. 202, that a small fraction of the
Triton-treated particles retain the longer
wavelength absorbing forms and also
PSI activity. It is clear in Figs. 53 and
54 and Table 5 that CPI, compared to
CPU, contains a significantly higher
proportion of Ca684 and sometimes the
longer wavelength forms.
The fraction of Euglena (labeled
CPU) that contained chl b showed a
higher proportion of the long wavelength
forms than is normally seen in CPU.

TABLK

5. Average Amounts of Chl Forms in Different Protein Complexes
% of a components
a + b
684
692
650
662
670
677
18
26
25
0
12
24
33
% of
CPU from chl // containing species
15
30
0
25
10
24
32
CPI from chl ^-containing species
24
7
26
5
CPI from Euglena and Mesa ;iljr;if:

700 +
0
0
3
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This supports the hypothesis that
Euglena, under light-limiting conditions,
is able to make more of the long wavelength-absorbing chlto increase its lightharvesting capacity, whereas some green
algae and higher plants increase their
chl b (and hence their CPU content) for
this same reason (see previous discussion).
The curve labeled C~Pa1 from Euglena
is unique among the spectra so far recorded. The spectrum is of a chl a fraction obtained in low yield and which contains no P700 (see section on Algae).
There are two especially striking features
of the analysis of this spectrum. One is
the very low proportion of Ca677 compared to Ca670. These two components
are usually nearly equal. The other feature is the very narrow bandwidth of
Ca684, less than half that usually observed of this form or the other major
chl a forms. Whether or not this chl a—
protein exists in vivo as such is not
known, but we intend to study it further
because of what we may learn about chl
forms and other chlorophyll-proteins in
plants.
Nostoc muscorum. Particles photoreactive in electron transport from water
to NADP+ have been prepared by digitonin fractionation of anaerobically
grown Nostoc in Professor Arnon's laboratory. See Hiyama and Fork, this Year
Book, for studies of light-induced absorbance changes of these FD144 particles.
Their low-temperature absorption spectrum is shown in Fig. 54. Although this
spectrum is included here, it should be remembered that these particles are active
in both photosystems, whereas the other
spectra (except CPai) are of detergent
solubilized chl-protein fractions that are
highly enriched in either the PSI reaction
center or in light-harvesting chl. The unusual features of this spectrum are the
high proportions of Ca677 and the long
wavelength components at 691 and 709
nm. It may be noteworthy that this particular fractionation procedure
using

digitonin does not convert the longer
wavelength forms of chl into Co663 and
Ca670 as do Triton or SDS treatments of
whole cell extracts.
St M MARY

1. A chl a— protein (CPI) enriched
nearly 10-fold in P700 has been isolated
from all the plants investigated.
2. CPI isolated from either the grana
or the stroma lamellar regions of spinach
chloroplasts had the same absorption
spectrum and concentration of P700 indicating that this PSI reaction-center complex may be the same or very similar in
both regions.
3. The light-harvesting chl a-b protein (CPU) contains essentially all of
the chl b in a higher plant or green alga ;
the proportion of CPU varies inversely
with chl a/b. Some plants are able to
modify their content of CPU and, therefore, their structural organization in response to certain environmental factors.
4. In algae containing little or no chl b,
a chl a-protein, in addition to CPI. may
be seen briefly during SDS-polyacrvlamide gel electrophoresis, but it soon both
dissociates into subunits and loses its chl
to the free pigment zone. Conditions for
the stabilization and isolation of this chl
a— protein are being sought.
5. The four major absorbing forms of
chl a at 662, 670, 677, and 684 nm were
found in similar proportions in the CPI
from different kinds of plants. Of these
forms, Ca684 was much reduced and
C6650 occurred essentially only in CPU.
6. A small fraction of Triton-solubilized chl a-protein (CPai) was isolated
from Euglena and found to have no P700.
but it did have a unique low-temperature
absorption spectrum with a distinct
maximum at 684 nm. Curve analysis of
this spectrum revealed a much lower
ratio of Ca677 to Ca670 and narrower
bandwidth of Ca684 than in other spectra.
The present studies on the spectral
forms in isolated chl-proteins permit a
start to be made on an interpretation of
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the complex absorption spectra of photosynthetic membranes at the molecular
level; that is. it is becoming possible to
explain the different spectra of chlorous in terms oi the proportions and
spectral make-up of the chl-proteins
pit sent.
Research at UCLA was supported by
National Science Foundation Grant
GB31207.
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ENERGY TRANSFER IN CHLOROPHYLL
PROTEIN 668: EVIDENCE FOR A STABLE
ELECTRONIC STATE INVOLVEMENT IN
ITS PHOTOTRANSFORMATION
William G. Hagar and C. Stacy French
Chlorophyll protein 668 (Cp668), a
unique water soluble chlorophyll protein,
changes its absorption spectra in the red
: rom a maximum at 668 nm to 743
mil when illuminated in the presence of
oxygen or a suitable electron acceptor.
This chlorophyll protein can be extracted
from plants by simply grinding or homogenizing plant material in dilute buffer
solution. No determents are required to
solubilize this chlorophyll protein. Since
it was first discovered by Yakushiji et al.
'1963' in the h-aves of Chfmoporlium
album it has been the subject of numerous investigations concerning its physical

properties and its possible function in
vivo. In this study we have found strong
evidence that photoconversion occurs via
a stable electronic state of the chlorophyll proteinlight
(halflife
>10~4
that delayed
emission
fromsec)
the and
668
singlet is observed with temperaturedependent promotion from either this
stable intermediate or the triplet state of
chlorophyll.
Yakushiji et al. (1963) found that
upon illumination of Cp668 a new form,
Cp743, appeared with peaks at 362, 399,
567, and 743 nm. The native chlorophyll
protein (unconverted Cp668) , prepared
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in the dark or in dim green light, showed
absorption bands at 277, 429, and 667 nm.
There was always some nonconverted
chlorophyll absorbing light at 667 nm
left in the fully converted form. This material was called nonconvertible Cp668.
Chromatography of the ether-extracted
pigments from the converted chlorophyll
protein produced several additional pigment components besides chlorophylls a
and b, indicating a chemical change in
the chlorophyll. The absorption spectra
of the primary new chromatographic
component had absorption maxima at
353, 568 and 735 nm which were similar
to the bands produced when the native
chlorophyll protein was converted to
Cp743.
Takamiya et al. (1963) found that the
spectral change from 668 nm to 743 nm
could be reversed by the addition of a
strong reducing agent. Light aided this
reverse reaction but was not essential as
it was for the initial transformation. This
chemically reversed chlorophyll protein
668, however, was no longer phototransformable. Takamiya et al. (1963) later
reported the molecular weight of the protein moiety as 78,000 g/mole (Kamimura
and Takamiya, unpublished data). Based
on this molecular weight they calculated
that six molecules of chlorophyll a and
one molecule of chlorophyll b were attached to the protein moiety. Takamiya
et al. (1963) found a transient form of
chlorophyll protein 668 which was produced from a short, high-intensity flash
from a xenon lamp. The transient had a
halflife of two milliseconds and had absorption peaks of 480, 508, 550, and 593
nm similar to the triplet state of chlorophyll. Increased oxygen concentration
accelerated the decay of this species.
Nevertheless, the rate of appearance of
743 absorption was slower than the decay
of the transient species, indicating that
the initial transient-oxygen reaction was
not the rate-limiting step. They proposed
that the active photolabile state of their
transient species of Cp668 was a triplet,
as the singlet would not be stable long
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enough for a diffusion-limited reaction
with oxygen.
Murata et al. (1968) were able to remove the chlorophyll from chlorophyll
protein 668 with methyl ethyl ketone.
Chlorophyll a and b were placed back on
the protein moiety from Cp668, and this
reconstructed Cp668 was as fully phototransformable as the native Cp668. If
the protein moiety used was previously
photoconverted, addition of pure chl a
and b to the protein produced a photoinsensitive product, although its absorption spectrum was identical to Cp668.
This strongly indicated that the protein
was modified in the transformation and
was required for the conversion reaction.
Other chlorophyll derivatives such as
chlorophyllide or phaeophytin were attached to the active protein and also
photooxidized but produced different absorption spectra.
Oku et al. (1972) found that Cp668
was remarkably stable against heat treatment. Cp668 retained one quarter of its
original photoconvertibility, even after
heating at 100°C for twenty- five minutes.
They also found a marked increase in
light scattering of Cp668 when it was
illuminated in D20. They suggested that
the scattering increase was the result of a
conformational change of the protein and
a subsequent aggregation of protein molecules. Terpstra (1966) was able to remove
additional soluble material absorbing at
668 nm by precipitating the native chlorophyll protein with 33% carbowax w w.
She also found that photoconversion was
inhibited by /?-mercaptoethanol and
KCN; it was also slightly inhibited by
Tris buffer as compared to phosphate
buffer. She found that addition of detergent did not increase the amount of extractable Cp668.
Terpstra and Goedheer (1966) measured the fluorescence emission spectra of
native and converted Cp668. Cp668
fluoresced at 676 nm, and Cp743 fluoresced at 676 nm and 747 nm. In the
fully converted Cp743. the fluorescence at
676 nm was from the nonconverted
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chlorophylls and the fluorescence at 745
nm was from the converted chlorophylls.
In preparations treated with /9-mercaptoethanol or KCN 1 .05 M I. 676 nm fluorescence increased while 745 fluorescence remained the same or was only slightly
increased. In the excitation spectra of
74."> fluorescence oi these preparations,
the contribution oi the 668 hand increased with mercaptoethanol, while the
569 nm excitation hand I found only with
the converted form) decreased. Terpstra
and Goedheer came to the conclusion that
the sulfhydry] reagents increased energy
transfer between the two chlorophyll
ms by disrupting the protein and delaying phot otransformat ion.
Goedheer (1969) later reported the
fluorescence polarization of Cp743 and
found positive values beyond 700 nm and
below 400 nm and negative values from
.-)()() nm to 600 nm. at 668 nm and 435 nm.
From these results he concluded that
there was only one 743 nm absorbing
molecule per protein.
It was the purpose of this study to
investigate the effects of 740 nm light on
1 668 conversion and to measure energy
transfer between 668 and 743 absorbing
chlorophyll molecules. The energy transfer measurements would also be used to
rmine if the remaining 668-absorbing
molecules are contaminating chlorophyll
protein or are actually attached to the
protein as the 743 molecules.
M \TKRIALS

AND METHODS

opodium chlorophyll protein 668
used in this study was the generous gift
\*u-i Takamiya of Toho University,
Tokyo. Japan.
Additional
amounts
of
668 were prepared from the -terns of
young plant- of Atrvplex hortensis in the
-• _■ . The young stems have
high concentrations of Cp668 without the
contamination of some of the other soluble chlorophyll proteins found in the
lea-.' s. The soluble chlorophyll protein
- used was prepared from the homoof -tem tissue by precipitation of
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the fraction between S0c/c and 70%
ammonium sulfate concentration. The
70 rr lNlI.tU80.t precipitate was resuspended in buffer and dialyzed against 0.01
.1/ phosphate buffer, pH 7.2, for 24 hours.
This sample was then heated in a water
bath at 60°C for 5 minutes to coagulate
any proteins that were not as heat stable
as Cp668. After cooling, the sample was
centrifuged at 144,000 g for 40 minutes to
remove impurities. Cp668 preparations
were centrifuged routinely at 144,000 g
for 40 minutes before any measurements
were made.
Absorption spectra were measured with
a Cary-17 spectrophotometer. Phosphorescence and fluorescence measurements
were made with a Perkin-Elmer fluorescence spectrophotometer, model MPF-3.
The emission spectra were calibrated using a standard lamp, no. 992, from the
National Bureau of Standards. Phosphorescence measurements were made
with the Perkin-Elmer phosphorescence
accessory for the MPF-3 in the phosphorescence experiments. Oxygen was removed from the Cp668 solution by nitrogen bubbling (within a glove bag) and
the self-scrubbing by Cp668 of any oxygen left in solution.
The formation of Cp743 was followed
by measuring the decrease in transmission at 743 nm. The rates were measured
with the rate-measuring circuit and action monochromator system described in
Year Book 72 (Hagar et al, 1973). Light
of 740 nm from the grating monochromator was additionally purified by a Balzer
B-40 740 nm interference filter.
Results
The measuring beam at 743 nm caused
some transformation of Cp668 when it
was too strong. The intensity of the measuring beam was reduced and experiments
were made to measure this "pulling effect"
of far- red light on Cp668 conversion.
Figure 55 shows the effects of 740 nm
and 668 nm light on Op668 conversion.
The initial rate of transformation by 668
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Fig. 55. Plot of initial rate of phototransformation
increase in absorbance at 743 nm. The upper curve
light, and the straight line drawn through the points
The large dots are the rates of conversion of Cp668
necting these points is the least-squares best fit of a

nm light follows a straight line of negative slope when plotted versus increasing
concentration of Cp743. This linear dependence of rate on concentration, along
with the linear dependence of rate with
light intensity, which we found is a strong
indication of first- (or pseudo-first) order
kinetics. As the concentration of Cp743
increases the concentration of Cp668
decreases.
V668 = k [Cp668]
where
[Cp668] = [Cp668] * - [Cp743]
^ees = velocity
[Cp668] o = total concentration of phototransformable chlorophylls
[Cp743] = concentration
of phototransformed chlorophylls
The rate of conversion of Cp668 by 740
nm light, however, follows a drastically

1\

of Cp668 with constant-intensity light versus
gives the rates of conversion using 668 nm
is the theoretical line for a first-order reaction.
using 740 nm light, and the solid curve conparabolic curve.

different pattern when plotted against
concentration of Cp743. It gives a parabolic curve. Initially there was no effect
of 740 nm light on Cp668 conversion.
However, after a few Cp743 molecules
have been formed by 668 light, 740 light
was effective in the conversion. Light of
668 nm was used to convert the Cp668
to Cp743 before each 740 nm actinic
light measurement. This ensured that the
amount of 668 nm absorbing chlorophyll
molecules in a position to be converted by
740 nm light were not depleted. The rate
of conversion using 740 nm light peaked
around 50% conversion and then decreased. This type of curve implies that
there is a bimolecular energy transfer
between 743 and 668 light absorbing
chlorophyll molecules. From this data,
the conversion of Cp668 by 740 nm light
requires the absorption of light by converted molecules (Cp743) and the subsequent passing of this absorbed energy
to an unconverted 668 absorbing chloro-
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phyll. This can be expressed as follows:
V UQ

= k [CpCriS] [Cp743]

V 74Q = rate oi transformation using
74l) nin light
Assuming a one-to-one conversion, the
total active unconverted Cp668 and converted Cp743 add up to a fixed number —
the amount oi phototransformable Cp668
initially present.
Cp668o = Cp668 + Cp743
In a system where the rate of reaction is
proportional
to the reactant times its
product, the maximum rate of the reaction will be at 50% conversion. The
shape of the rate of reaction versus product concentration curve in this case is
parabolic.
Energy Transfer Measurements
Cp668 has a fluorescence emission
maximum at 676 nm along with a minor
band at 728 nm. 676 nm fluorescence excitation spectrum is identical to the absorption spectrum of Cp668. Cp743 has a
fluorescence emission maximum at 747
nm from the converted chlorophylls and at
676 nm from the nonconvertible chlorophylls. The excitation spectrum of 747
emission has peaks at 365, 399, 430, 569,
and 668 nm. The excitation spectrum for
the 676 fluorescence of Cp743 has an
excitation spectrum similar to Cp668 with
a major excitation peak at 432 nm. Both
( 668 and Cp743 forms have a chlorophyll b shoulder at 460 nm in their
excitation -pectrum.
Energy transfer between 668 nm and
74o nm absorbing pigments can be measured by illuminating samples with differ<i]t ratios of Cp668/Cp743 with light
only absorbed by 668 nm absorbing pigats, and then measuring the fluorescence emission of the 743 nm pigment at
745 nm.
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trum of the sample was recorded, an aliquot of the sample was placed in a quartz
capillary tube and frozen with liquid
nitrogen for fluorimctric analysis. The
77 °K temperature was to prevent any
chemical reaction from occurring between
oxygen and Cp668. Determination of the
energy transfer between 668 and 743
chlorophylls was made by illuminating
the different samples with 668 light and
measuring the intensity of fluorescence at
745 nm and also by measuring the effectiveness of 668 nm for excitation of 745
nm fluorescence.
Figure 56 shows the intensity of fluorescence emission at 676 nm and 745 nm
at different levels of conversion of
Cp668/Cp743. The upper diagram is a
plot of the intensity of 745 nm emission
with 668 nm illumination. The intensity
of 745 nm fluorescence with 668 nm excitation initially increased, reaching a
maximum around 50% conversion before
it began to decrease. This energy transfer followed in general a parabolic curve
as found with the pulling effect of far-red
on the rate of conversion of Cp668, and is
good evidence of efficient energy transfer
between the two types of pigments.
This transfer of energy is from one pigment molecule to another on the same
protein as the calculated average distance between pigments — if they were
randomly distributed within a 1 cm3
volume is 1500 angstroms.

X 1.6 X 103
n Coef.Density
/Extinctio
d _3ir
Optical
where
(I = distance
between
molecules in A
Extinction Coef. — 1.0 X 105
Optical Density = 0.046
d = 1 500 angstroms

Different ratios of Cp668/Cp743 were

A distance of 1500 angstroms is too far

prepared by' illumination of Cp668 with
white light. After the absorption spec-

for any Forster-induced resonance between molecules in solution. The energy
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lecular energy transfer. Assuming that
71
the component of Cp668 fluorescence
measured at 745 is proportional to the
amount of 668 singlet fluorescence, the
fluorescence at 745 nm can be corrected
for the minor 728 fluorescence. Fluorescence from the 668 nm singlet is shown
in the bottom of Fig. 56 as 676 nm fluorescence emission with 430 nm excitation.
The initial fluorescence emission values
of 745 nm emission was set equal to zero,
and this initial value was subtracted from
the other measurements on a prorated
basis using the percentage decrease in the
668 nm singlet values in Fig. 56.
These corrected values are shown in
Fig. 57 plotted against the amount of
Cp668 converted. This correction produced a curve very similar to the plot of
rate of transformation caused by 740 nm
light as shown in Fig. 55. This energy
transfer between 668 and 743 nm absorbing chlorophyll components in both directions implies a close proximity of the two
types of chlorophyll and a strong energy
transfer between them. The important
fact that the correction did not eliminate
25% of the fluorescence at 745 nm after
all 668 molecules that can be converted

100

Cp668 converted, percent
Fig. 56. Fluorescence emission intensity of
various Cp668/Cp743 ratios at 77 °K. Upper
curve, 745 nm emission (slit = 8 nm) intensity
with 668 nm excitation (slit = 5 nm). Lower
curve, 430 nm illumination (slit = 8 nm).
Closed circles, 676 nm emission intensity; open
triangles, 745 nm emission intensity.

transfer, therefore, must be between
chlorophyll molecules on the same protein.
Cp668 has a minor fluorescence emission band at 728 nm that extends through
745 nm. This makes it difficult to distinguish between energy transfer and 668
nm singlet fluorescence to an aboveground vibrational state. The intensity
plot of 745 nm emission, nevertheless, is
still parabolic when plotted versus Cp743
concentration, strongly indicating bimo-

lO

100

Corrected

£
c

fluorescence
745nm
vs percent
converted
Cp668

50

50

Cp668

100

converted , percent

Fig. 57. Fluorescence emission intensity at
745 nm from Cp743 after correcting for 668 nm
singlet fluorescence.
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are converted strongly suggests that at
least halt oi this "contaminant" chlorophyll protein is actually attached to the
same protein as the chlorophylls that are
converted and is transtering its energy to
Cp743. which then emits it.
The 430 nm excitation peak is common
to 67,"> and 7o4 fluorescence. Illumination
of samples with different ratios of Cp668
Cp740 using 430 light should show a decrease in 675 fluorescence and an increase
in 745 fluorescence as the amount of
Cp745 increases. The experiments of Fig.
56 show that although the fluorescence at
676 nm followed the expected pattern, the
fluorescence at 745 nm with 430 illumination followed a curve shaped like the one
found with the energy transfer between
668 light absorption and 745 emission.
This show< that the 430 excitation peak
oi 745 fluorescence is not due to Soret
band absorption by 743 absorbing molecules but is probably the result of energy
absorption by Cp668 and subsequent energy transfer to 743 absorbing molecules.
This can be seen more clearly in the
room temperature-fluorescence experiments with different ratios of deoxygenated Cp668 Cp747 from Atriplex hor$ chlorophyll protein 668. In Table
6 the fluorescence emissions with 430 and
365 illumination of 675 and 745 are
shown.
With 430 illumination, the fluo■nce at 675 decreases and the fluorescence at 745 again follows a parabolic
curve. Both results were found with the
Tp668 Cp743 measurements at 77°K.
Excitation at 365 nm of Cp745 produces
mission profile of increasing fluoresTABLE
■

ssion
Sample
1
2

3
\

Rel

INSTITUTION

cence at 745 nm with increasing conversion of 668 molecules. 365 nm is a definite
Soret peak of the converted form — as it
appears only after conversion — and
clearly shows that the fluorescence of 743
molecules is not decreased with transformation. The fluorescence at 675 with
365 illumination decreases continually as
it did with 430 illumination.
The strong energy transfer between 668
absorbing and 743 absorbing chlorophylls
is clearly seen from the fluorescence experiments. Aquestion arises as to how
light energy absorbed at 740 nm is able
to convert 668 molecules. There is no
overlap between 746 fluorescence emission and 668 nm absorption. Zero overlap integral should produce zero energy
transfer. One possibility for this successful energy transfer could be that the
chemically active excited state of Cp668
is a stable electronic state whose energy
level is approximately equal to or lower
than 740 nm light energy.
The energy level of the stable electronic state could be determined by measuring delayed light emission. Takamiya
et al. (1968) proposed that the triplet
state of chlorophyll was involved in the
phototransformation.
Phosphorescence
If the stable electronic state is a triplet,
phosphorescence emission might be observed. There are two classes of phosphorescence emissions — alpha and beta
(Parker, 1968). Beta phosphorescence is
delayed light emission from the triplet

6. Room Temperature Fluorescence Intensity of Cp668 and Cp743 Isolated
slit) it)
from Atriplex hortensis
•r)7

■5

nm si

7)r,
008 *
73.0
100
55.5

♦Initial OD al 008 nm = 0.01.

305

430
675
100
70
31.0
1.8

745

18.8
21.5
29.3
10.3

076
100
74.5
1.8
3.2

745
29
39.9
84.8
97.4
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state directly. Beta phosphorescence is
temperature independent but is favored
by low temperatures which reduce collisions with quencher molecules. In the
case of a phosphorescence, the electrons
in the triplet state absorb thermal energy
from the environment and arc promoted
back to the singlet state where the energy
can be emitted. Because of the triplet
state involvement, this fluorescence of the
singlet state is delayed and observed as
phosphorescence. Characteristically, a
phosphorescence is temperature dependent.
No phosphorescence from the chlorophylls was found at liquid nitrogen temperature. Some phosphorescence emission
was found around 680 nm upon illumination of a highly concentrated sample of
Cp668 with 290 nm light, but this probably was due to phosphorescence of the
triplet state of tryptophan and subsequent reabsorption and fluorescence by
the chlorophyll.
Phosphorescence emission was found at
680 nm, with 430 nm illumination at room
temperature, for a dilute chlorophyll protein 668 preparation obtained from Atriplex hortensis. The excitation maximum
for this phosphorescence was 430 nm,
identical to the absorption maximum of
Cp668 in the Soret region. There was
almost no 680 nm emission with 290 nm
excitation, showing that delayed light
emissions from the protein components
were not responsible for this phosphorescence. Figure 58 is a combined tracing of
the measured phosphorescence at different temperatures of a deoxygenated sample of Cp668 from Atriplex. The measurements inFig. 58 clearly show a temperature dependence of phosphorescence
from Cp668. The higher the kinetic energy of the solution, the greater the
chances for absorption of thermal energy
from the environment and subsequent
promotion back to the singlet state where
the energy can be fluoresced (Lewis et al.,
1941). This type of fluorescence has a
requirement that the two states be fairly

Emission

Phosphorescence

Excitation ,430nm

Fully

Spectra
Slit=40nrr,

Sii+ = 40nm

converted

Cp743

0
50°C

>90%

Cp74

3

49°C

CP668

a

640
680
Wavelength, nm

720

Fig. 58. Phosphorescence emission intensity
at various temperatures with 430 nm excitation.

close energetically, probably placing the
triplet at the energy level of 740 light. Xo
phosphorescence was seen from a deoxygenated sample of Cp743 under the same
conditions. Fernandez and Becker ( 1959 >
measured chlorophyll a and b phosphorescence in dry 3-methyl pentane. At
liquid nitrogen temperatures chlorophyll
a had a delayed emission at 755 nm. and
chlorophyll b at 733 nm. They also reported weak phosphorescence appearing
to come from the singlet state from
chlorophyll a at room temperature. How-
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over, they decided that this probably was
the phosphorescence oi some contaminant.
Parker and Joyce (.1967) measured
temperature-sensitive delayed fluorescence from pure chlorophyll a and chlorophyll bin propylene glycol. This delayed
emission from the singlet state of chlorophyll was postulated as arising from energetic promotions from the triplet state
to the singlet state.
In our experiment the control that
there is no phosphorescence from the
converted form eliminates the possibility
of a contaminant. The key control was
the very low phosphorescence emission
from a sample which had enough Cp668
• Cp743 >90% in Fig. 58) to react with
any
bling.oxygen left after the nitrogen bub-

types of phosphorescence were observed,
the log ratio of a and ft phosphorescence
intensity would be plotted versus 1/T, as
both emissions drain the triplet state and
must be included in the Arrhenius plot
(Parker and Hatchard, 1962). Since we
did not observe any ft phosphorescence,
we plotted only the log of a phosphorescence intensity. The activation energy
for this temperature effect was 6.5 kcal.
Parker and Joyce (1967) also did not
find any ft phosphorescence, but they
plotted the ratio of phosphorescence intensity to the triplet half-life multiplied
by the fluorescence intensity at that temperature. From theoretical grounds
(Parker and Joyce, 1967) , this method
was used to determine the energy difference between the triplet and singlet levels
of pure chlorophyll. However, if the promotion is from another energy state
(charge transfer complex or energetic
state of protein-chlorophyll complex) , the
Arrhenius plot by phosphorescence intensity should suffice. In addition, the decrease in fluorescence intensity over the

Figure 59 is an Arrhenius plot of the
log of phosphorescence emission intensity
at 680 nm versus the reciprocal of the
absolute temperature. A good agreement
was found in this comparison with a correlation coefficient of —0.97.
If both

Arrhenius
V

1

plot

i

1.19

Cp668
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Y\sl. 59. Arrhenius plol of log (phosphorescence intensity) versus the reciprocal of the absolute
temperature.
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range from 25 °C to 56 °C was less than
5%, suggesting an almost constant value
of fluorescence emission intensity. Subtracting 6.5 kcal from the energy of
Cp668 fluorescence gives the approximate
energy of this metastable electronic state.
42 kcal — 6.46 kcal = 35.5 kcal
Wavelength = 798 nm
This energy state, 798 nm, could even
be of slightly shorter wavelength, since
the fluorescence emission from Cp668 decreases slightly with temperature, as
normally expected.
Recently Oku et al. (1974) reported
kinetic data on Cp668 conversion that
indicated two separate chlorophyll proteins were phototransformed. The optical
density of their Cp668 preparation was
initially greater than 0.2 OD. A solution
of this density is subject to shading effects
of one pigment upon another. The average intensity to which the total pigments
in the solution are exposed is given by the
following equation:
.43429
Average intensity = 70 X
~OD~
\. 43429/
X 1
where I0 is the incident light intensity.
Oku et al. (1974) were probably observing one type of Cp668 and a light intensity gradient that was exponential (Spruit
and Kendrick, 1972). In addition, by
illuminating their sample with light
greater than 620 nm, they were also observing the combined kinetics of 668 and
743 nm transformations, which could account for their temperature effects.
Conclusion
The nonconvertible chlorophyll absorbing light at 668 nm has been shown to be
attached to the same protein as the 743
nm absorbing pigments. Unsuccessful
efforts to remove this contaminant
chlorophyll protein are now understood.
The pulling effect of 740 nm light on

715
Cp668 conversion effectively shows that
the redox potential of the environment of
Cp668, not the color of light, is critical
for the direction of phototransformation.
The protein moiety of Op668 is the key
to its unique properties. Apparently it is
required either for proper orientation of
the attached chlorophylls or for the actual stable intermediate for the conversion reaction. This is strongly suggested
for the following reasons : (1) loss of phototransformability of Cp743 even though
half the original chlorophylls remain;
(2) the loss of phosphorescence emission
of Cp743 even though chlorophylls remain attached to the protein; (3) the
experiments of Murata et al. (1968)
where the reconstituted Cp668 from active protein is fully active, but the reconstituted "Cp668" from converted protein
(from Cp743) was not. Figure 60 is an
illustration of the energy states believed
to be involved with chlorophyll protein
668.
Absorption of light by Cp668 can result
in radiationless deactivation, fluorescence
at 676 nm, intersystem crossover to its
triplet state, or formation of a stable
electronic state, such as charge transfer
complex. By absorbing thermal energy
from the environment, promotion back to
the singlet from the triplet — or the stable
electronic state — can occur, eventually
producing delayed light emission at 676
nm. The pulling effect of 740 nm light on
Cp668 conversion can be explained by
Cp743 light absorption and energy transfer to 668 chlorophyll forming the active
intermediate.
Takamiya et al. (1968) found that the
rate of decay of triplet chlorophyll was
faster than the formation of Cp743. This
means either that the active intermediate
for Cp743 formation has slower kinetics
than Cp668 triplet formation or that
Cp668 triplet formation is not required
for photoconversion. Determination of
the formation sequence of Cp743 and the
stable electronic states that are involved
will have to await further investigations,
primarily electron spin resonance studies.
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CP668

INSTITUTION

CP743
Triplets

i_
c
Ld

Fig. 60. Theoretical diagram to explain the pulling effect of 740 nm light, and the observed luminescence from Cp668. /C. internal conversion (nonradioactive); IS, intersystem crossover; As, absorption of singlet; At, absorption triplet; F, fluorescence. Diagram indicates the possibility of
producing the phototransformable state with 668 nm light either through triplet state or directly
to the active photochemical state. 740 nm light is proposed to be transferred directly to the intermediate. Itshould be noted that energy could be transferred from 743 molecules triplet state
directly to the triplet state of 668 molecules depending on their energy levels.
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DEVELOPMENTAL
DIFFERENCES
IX
CHLOROPHYLL
PROTEIN
668
CO X C E X T R A T 1 0 X
DURING
THE
LIFE
CYCLE
OF
A trip I e x h or t en si s
William G. Hagar and Malcolm A. Nobs

Chlorophyll protein 668, Cp668, is a
water-soluble, photolabile chlorophyll
protein which was discovered by Yakushiji et al. (1963) in the ground leaf extracts of Chenopodium album. Subsequently, this unique chlorophyll protein
has been found in many other species in
the Chenopodiaceae and species in Amaranthaceae (Year Book 72, p. 330, 1973).
Cp668 has many interesting biophysical
characteristics; for example, it changes
its absorption spectrum upon illumination in the presence of oxygen. The red
absorption maximum at 668 nm decreases, and concomitantly a new peak
appears with an absorption maximum at
743 nm. The function for Cp668 in the
living plant has not been established.
Terpstra (1966) found that the amount
of extractable Cp668 in leaves varied
greatly in plants collected at different
sites and days. At times, a single plant
had detectable amounts of Cp668; other
times, 100 g of plant material was not
enough to produce detectable amounts of
Cp668.
These initial investigations into the
function of Cp668 found great variability
of Cp668 in leaves, suggesting environmental or developmental factors in its
formation. Indications that Cp668 varies
with stage of development have recently
been found by Takamiya [Year Book 72,
p. 330, 1973). Takamiya found that
young leaves and stems at the seventh
leaf pair stage of development of Atriplex
hortensis had much higher levels of Cp668
than older plants investigated. The
amount of Cp668 in the upper leaves and
stems was higher than in the lower leaves
and stems. Takamiya, comparing the
Atriplex Cp668 with previous results with
Chenopodium album, came to the conclusion that Cp668 cannot be extracted from

plants at too early or too late- a stage of
growth (Year Book 72, p. 330. 1973).
It was the purpose of this study to
monitor the concentration of Cp668 during the life cycle of Atriplex hortensis and
its distribution in the plant.
Materials and Methods

A uniform population of 800 Atriplex
hortensis plants was grown from the
germination of large brown seeds. Plants
were grown under greenhouse conditions
with a supplemented lighting system that
extended the day-length period to 14
hours. A sensing device turned on the
lights when the sky was overcast. Greenhouse temperatures ranged from 17 c to
25 °C. Every two weeks each flat was
given 1 pint of standard strength Spoonit
to prevent any nutrient limitations to
growth. The population was routinely
thinned out by the harvesting of plants
for experimental purposes.
Plants were harvested at regular intervals by severing the base of the stem
at ground level. The leaves were immediately separated from the rest of the
plant by cutting the petiole at the leaf
base. The stage in the life cycle was recorded at each harvest. Most morphological and biochemical measurements
were begun at this time. In a few cases
the plant material was placed in a
— 40°C freezer for later analysis.
Leaf areas were determined by weighing the cut-out Xeroxed copy of the original leaf and calculating the total leaf
area from the known area per weight of
the paper.
Plant material was dried in a glass
beaker in an oven at 72° C. The dry
weight of the material was determined
when there was no longer any weight loss
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Add (NH4)2S04
until 30% w/w
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Flow diagram of Cp668 purification.

of the sample due to water loss (usually
24 noun
The preparative technique for assay of
v concentration is shown in Fig. 61 .
r harv
the fresh weighl of the
ted leaves and stems was meas■ ml of 0 I U phosphate buffer
IN
| II 7 2, and 0.25 g of Polyvinyl
pyn
8
• Polyclar ATi were
added per I g of fresh weighl of plant
plant material was homog'•m/
g in a Waring blender
until fluid. This was followed by one
minute of higl -sp< i d blending to ensure
68. ( Chlorophyll pro-

tein tH>8 is an extremely stable protein
(Oku et (il., 1972). In this assay, total
solubilization was considered more important than the possibility of slight denaturation. Takamiya (Year Book 72, p.
330, 1973) reported that in some Chenopodium species, brown material I phenolic
compounds) inhibited his assay technique. In order to prevent any life-cycle
difference of phenolic compounds from interfering with this study, Polyvinyl pyrrolidine (PVP) was routinely added to
all preparations. Polyvinyl pyrrolidone
is an effective remover of phenolic compounds (Loomis and Battaile,
httiti;
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Glenn ct a/., 1972) , and since n ie insoluble, it can be easily removed from the
plant preparation. The homogenised
preparation was filtered through Miracloth to remove all large particles before
centrifugation. At the end of this filtration the Miracloth containing plant debris and PVP was squeezed to obtain all
fluids. Centrifugation at 10,000 X 9 produced the final water-soluble fraction.
To prevent any substances from interfering with the analysis and to concentrate the Cp668 as much as possible, the
protein sample precipitating between
30 rc and 70rr (ammonium sulfate) was
resuspended in 15 ml of buffer and used

:.

for the Cp66S assay. A camel's hair brush
was used to resuspend the 70 rc (ammonium sulfate) precipitate in 15 ml of 0.1 M
phosphate buffer, ;^H 7.2. After several
hours' equilibration this solution was centrifuged at 144.000 X g, and the clear
supernatant used for Cp668 assay.
Determination of the amount of Cp66S
was made by measuring the absorbance
change at 743 nm before and after 10
minutes' illumination with high-intensity
white light. This assay technique is
shown in Fig. 62. The optical density
difference at 743 nm was multiplied by
the total volume of the final preparation to give the total Cp668 activity of
the preparation.
Total chlorophyll was extracted from
the leaves and stems by homogenizing the
plant material in 80 rr acetone in a
Waring blender. Chlorophyll concentration was determined using the method of
Mackinney 1 1941) as modified by Arnon
• 1949'.
Fluorescence measurements were made
on a Perkin-Elmer
model MPF3.

spectrofluorimeter.

Results
The plants grew with vigor throughout
most of their life cycle. Every attempt
was made to prevent limiting nutrients or
light from inhibiting plant growth. Figure 63 is a plot of three life-cycle param-

65C

E

D ceng+h,riTTi

Fie. 62. Determination of absorbance change
at 743 nm of Cp66S in the stems on the 6Sth
day after seed planting. Difference in absorption at 780 nm is subtracted from the difference
in absorption at 743 nm.

eters — total chlorophyll, leaf area, and
dry weight i stems and leaves' — on a
plant basis versus time in days. The
parameters of leaf area and dry weight
increased exponentially throughout the
life cycle. Total chlorophyll followed leaf
area and dry weight rates of increase during the first two months of growth but
later increased at a much faster rate. The
plants were beginning to get very big
this stage, and shading effects of one leaf
on another could have resulted in increased chlorophyll synthesis.
Leaf area — along with total chle phyll — is a key parameter on which any
increase in total dry weight of the plant
is based during vegetative growth.
The

720

C A R N E G 1E

INSTITUTION

100
Chlorophyll
Leaf area.
<V

vs life cycle

Dry weight,
Chlorophy

c
"o

o

11

Dry

V

CL

50

>

weight
(Stems
and leaves,

c

100
Time, days

Fig. 63. Life-cycle plot of total chlorophyll, leaf area, and dry weight (stems and leaves) on a
per plant basis. Dry weight maximum = 27.6 g; chlorophyll maximum = 27.4 mg; and leaf area
maximum = 2S16 cm".

_ er the leaf area, the more the light
which will be harvested by the plant, re-ulting in the fixation of more carbohydrate material — thus increasing the
total weight of the plant. In this study

the total above-ground weight of the
plant was used, with the contribution of
the roots to the total weight considered
as proportional. Root weights were not
measured in this study because of the
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Fie:. 64. Correlation between the data listed in Fig. 63 of the combined weight of leaves and
- with leaf area. The ratio of total dry weighl to total leaf area is plotted versus the life cycle.
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large number of plants involved, and the
difficulty in separating their root systems
in the flats.
Figure 63 shows the close relationship
between the total dry weight and leaf area
during the early stages of plant growth.
Although both parameters, leaf area and
total dry weight, increased exponentially,
the ratio of the total dry weight of the
leaves and stems remained constant until
the beginning of bud formation. This
change is seen in Fig. 64. After the beginning of bud formation the ratio was
no longer constant but increased almost
linearly with time until the reduction
division of the pollen mother cell. This
change in the relationship between leaf
area and total dry weight is an indication
that the plant is diverting more and
more of its photosynthetic products into
stem growth instead of into leaf growth.
From the data listed in Fig. 64 it appears
that the change in growth conditions is
close to the time of initial bud formation.
Shading effects of one plant on another
could explain a change in growth rates
but not the change in distribution of
plant materials between the leaves and
the stem.
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Cp668 was found to be present in all
stem preparations tested. In the stems it
appeared in relatively pure form, after
the ammonium sulfate fractionation,
without any major chlorophyll protein
"contaminants." The leaf preparations,
on the other hand, did not have any
measurable Cp668 until the plant- had
formed flower buds and the reduction division of the pollen mother cells had
occurred.
Figure 65 is a life-cycle plot of stem
Cp668 concentration and stem dry weight
during development. Cp668 concentration in the stems showed some correlation
with stem dry weight. Extraction of
Cp668 from the stems was more difficult
than from the leaves because of the high
amounts of structural polysaccharides,
especially at the later stages of development. Although the relationship between
stem Cp668 and stem dry weight does not
appear to be always constant, the data
suggest that stem Cp668 concentration
and stem dry weight are proportional.
Figure 66 is a plot of leaf Cp668 and
leaf dry weight versus time. The build-up
of Cp668 in the leaves lags behind the increases in dry weight and chlorophyll in
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Fig. 66. Leaf Cp668 concentration and leaf dry weight versus life cycle.

the leaves by almost two months. In the
early stages of development (second leaf
pain a slight broad-band increase at 743
urn was observed. The ratio of stem-toleaf Cp668 activity on a dry weight basis
at this stage was greater than 100 to 1,
indicating very little Cp668 distribution,
if any, in the leaves. In the middle of the
development cycle, from the 52nd day to
the 55th day there were no indications of
any phototransformable Cp668 present.
In fact, slight decreases were observed
due to a bleachable chlorophyll protein
with an absorption maximum at 672 nm.
This "photoactive" but not phototransformable chlorophyll protein was always
sent in the leaves in high concentration.-. Thi> chlorophyll protein was very
sensitive at high salt concentrations to
Temperature. In 0.1 M phosphate buffer,
p\\ 7.2. with an ammonium sulfate concentration of less than 20%, a solution of
this protein would become opaque upon
warming to room temperature. Cooling
the opaque solution to 0°C restored
clarity. This reversible denaturation
could be repeated again and again.
Figure 67 is a combined plot of stem
Cp668 and leaf Cp668 concentration, on a
per plant basis versus time in days. This

plot is not normalized and indicates actual Cp668 concentration. There was
1.5% more Cp668 in the leaves than in
the stems at the last measurement. Some
of the life-cycle Cp668 concentration determinations were found scattered about
the curves ; nevertheless, it is clearly seen
from the data listed in Fig. 67 that there
is a two-week lag between the concentration of Cp668 found in the stem as compared to the leaves.
In order to determine the plant age
spread, the number of plants flowering
was measured each day, and these data —
after conversion to probits — were used to
determine the standard deviation of the
plant population. Flowering began (observation of first anthesis, this Year
Book, Nobs and Hagar) in some plants
on the 78th day and in others, as late as
the 88th day. The mean time of flowering of the entire population was 80.9
days, with 3.9 days the standard deviation of the population. 95% of the plants
were within 16 days (4 X 3.9) of each
other in arriving at this life cycle stage.
In most of the experiments, sufficient
plants were harvested to obtain a valid
mean population of plants throughout the
life cycle. Because of the size of the
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plants during the last developmental
stages (after 73rd day) only one or two
plants were used for analysis after this
period. This could have affected the time
axis of Cp668 concentration in Fig. 65.
However, in all cases the relationship between the large differences in Cp668 concentration inthe stems and leaves was
valid since this comparison was made on
material from the same plant. There was
about a two-week lag between the increase of Cp668 in the stem and the increase inthe leaves. From the data listed
in Fig. 67 it seems that the Cp668 initially
builds up in the stems, following the dry
weight increase of the stem, and then appears in the leaves. The amount in the
leaves increases rapidly after that point
and reaches a slightly higher maximum
level than that found in the stems.
Cp668 undergoes a conformational
change when converted to Cp743 as
monitored by the change in emission
maximum and intensity of the tryptophan fluorescence spectrum (Hagar and
Briggs, 1974). Cp668 has enough tryptophan moieties to give a sizable fluorescence emission peak around 330 to 350 nm

when illuminated with 290 run Light. As a
further check on Cp668 presence in these
life cycle preparations, measurement of
the peak intensity near 340 nm with 290
nm excitation light was made on all
Cp668 samples after conversion. St.r-m
preparations always had a very strong
tryptophan emission around 340 nm.
However, in leaf preparations; before the
beginning of reduction division very little
fluorescence was observed from 320 nm to
370 nm. This again strongly indicates
that Cp668 is either not present in the
leaves or is modified in such a way that
its normal characteristics are obscured.
There was the possibility that something in the leaf preparations was either
destroying or inhibiting the phototransformation of Cp668 at the early stages of
development. To test this possibility an
analysis was made of Cp668 concentration in leaves, stems, and a mixture of
stems and leaves. The results of this
experiment are shown in Table 7. The
preparations with stem pieces present
were the only ones with measurable activity. The total activity of the two stem
preparations on a per fresh weight of
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Fig. 67. Comparison of concentration of Cp668 found in the stems and leaves at different stage:
of the life cycle. Data are not normalized. Actual values of the leaves and stems were used.
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TABLK 7. 56 Day Preparation
Total Activity

re

Total Activity
A7ta od
0.2561
0

Stems
1 1 ;■.'. Stems and leaves

0.21 IS

F

sh Wei
(g)

Fresh Weight, Stems

48.5

62.3
42.1
54.9

ght

5.3 units/g fresh weight
0
5.0 units/g fresh weight, stems

X 10+3

stem were almost the same. This experiment shows that at this stage of development, a laek of Cp668 activity in the
leaves is not caused by the presence of
some inhibitor which is released upon
homogenizatioD of the leaves.
The increase in Cp668 concentration in
the leaves followed the pattern of an exponential curve. This exponential increase in leaf Cp668 concentration began
around the same time as the onset of the
reproductive stage. Whether or not Cp668
is a cause — or an effect — of the generative state cannot be determined from
this data, but the dramatic increase in
concentration at this time implies an
interesting correlation between the two
phenomena.
Discussion
Krasnovsky (1965) had suggested that
since Cp668 was so readily formed upon
leaf destruction it could be formed by an
active chloropyllase which is present in
Chenopodium. Terpstra (1966), however,
found no increase in Cp668 concentration
upon incubation of the leaf extracts at
room temperature, and ruled out Cp668
chlorophyllase artifact. In our preparation- also, we found no increase in
( 668 concentration with time.
A* this nine there is no evidence of
direct correlation between the concentration of Cp668 and some physiological or
biochemical functions. The drastic inin ("])668 concentration before
flowering leads to speculation of Cp668
involvement in the flowering phenomenon
itself. Attempts to determine if Cp668
- being transported via the vascular

system were made without success. Small
amounts of Cp668 were sometimes observed from fluid squeezed out of the
leaves and stems with a pressure bomb,
but the small amount of Cp668 present
was found only at the beginning of the
exudative measurements and probably
came from damaged tissue. Extraction
of Cp668 by leaching washed, chopped
pieces of stems in 0.1 M phosphate buffer
with 1 ml EDTA (EDTA prevents
phloem clogging, King and Zeevart, 1974)
was likewise unsuccessful. In any case,
the majority of Cp668 is tightly bound in
the plant tissue, or is, perhaps, separated
from the chlorophyll chromaphore, preventing detection.
Although the function of Cp668 is still
unknown, this study has shown that there
is a definite developmental dependence of
Cp668 concentration. This differential
synthesis — or its build up — of Cp668 during the life cycle may permit detailed correlation studies that we hope will provide
an in vivo function to this remarkable
chlorophyll protein.
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PHOTOCHEMICAL
ACTIVITIES
IN
SMALL
PARTICLES
OBTAINED
FROM
THE
B L U E - G R E E N ALGA
Nostoc
muscor u m
David C. Fork, Tetsuo Hiyama, and Glenn A. Ford

Recently, Arnon and co-workers reported a cell-free preparation of extremely small particles from the bluegreen alga Nostoc muscorum with
complete electron transfer activities, that
is, the photooxidation of water with
oxygen evolution and photoreduction of
NADP (nicotinamide adenine dinucleotide phosphate) (Arnon et al., 1974).
These digitonin-treated particles from
Nostoc could only be sedimented at
144,000 X . g and could give an almost
transparent reaction mixture ideal for
optical measurements. Several characteristics of the particles have been investigated by Arnon's group. As a part of
their work on the particles, Professor
Arnon and his co-workers, Drs. McSwain
and Tsujimoto from the University of
California at Berkeley, came to our laboratory several times this year to conduct
experiments with us, particularly with
our high-speed spectrophotometric apparatus. They also generously provided us
with their preparations for experiments
of our own. The present report gives
some preliminary results that we have
so far obtained with this preparation. We
have investigated light-induced absorbance changes, action spectra for photosynthetic reactions, and emission and excitation spectra of fluorescence.
Absorbance Changes
Since preliminary experiments indicated the presence of cytochrome /, P700,
and possibly cytochrome 6559, we conducted a more systematic study with the
aid of a computer
(this Report) . The

standard
reaction
mixture
contained
FD144 particles having a chlorophyll
concentration of 30 or 10 /xg/ml, 10~2 M
magnesium chloride, 5 X 10~2 M Tricine
buffer (pH 7.7), and 10~2 M sodium ascorbate in a cuvette having an optical
pathlength of 5 mm. The sample was
illuminated by semimonochromatic light
of saturating intensity. Red actinic light
was obtained by a Schott RG5 filter
(>650 nm) ; far-red, by a Schott RG10
(>700nm). The shutter (Vincent Associates) for the actinic light was opened
at a fixed time after the recording of
absorbance changes began, and closed
after a preset period (680 msec ). This
exposure time was chosen because in most
cases the steady-state light-induced
changes were attained within 500 msec of
illumination. The whole process was precisely timed by electronic circuits and
repeated at different measuring wavelengths with different actinic lights in
combination with different electron
donors and acceptors and in some cases
with inhibitors.
Some typical traces at 554 nm, shown
in Fig. 68A, indicated complex kinetics
apparently due not only to expected cytochrome at
/ this wavelength but also to
some other components. The situation
looked even worse with electron acceptors, either NADP or methyl viologen. To
obtain more insight, a time course was
divided into nine portions (a through i, as
indicated in Fig. 68 A) and then replotted
against wavelengths for each time increment through the DIFFSPEC program.
In the absence of the acceptor system.
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Fig. 69. Difference spectra of recovery phases in the a-band. The letters c, d, . . . i correspond to
the time increments indicated in Fig. 68A. A, without NADP; B, with NADP; C, the same as A
except that the absorbance changes at 539 nm were subtracted from those at other wavelengths : D,
the same as B but normalized to 539 nm change as in C.

the result was a group of fairly uniform
spectra (Fig. 69A). The major minimum
was at 554 nm with a distinct shoulder
around 550 nm, possibly a minor component around 557 nm, and a broad positive
band in the background. In the presence of the acceptor system (NADP, ferredoxin, and flavoprotein) the positive back-

ground change increased significantly
while the overall shape of the spectra remained almost unchanged (Fig. 69B I .
At this point, the 554 nm minimum was
tentatively assigned to cytochrome /
(cytochrome 554), the 550 nm shoulder
to C550, and the minor component at 557
nm to a 6-type cytochrome.
It can be

728
seen from those spectra that these three
components showed strikingly similar
kinetics. It is possible, however, that a
positive background change, produced
at least partially by P700. could have
distorted these kinetics, particularly
those measured in the presence of the
acceptor. In order to minimize this interDCe, each trace was subtracted from
the trace at 539 om. This procedure
simulated the result that is obtained from
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a dual wavelength spectrophotometer. As
shown in Fig. 68B, the result was a group
of apparently more straightforward time
courses. Difference spectra redrawn with
539 inn as the reference wavelength (Fig.
69C, D) again suggested similar kinetics
for all three components. On the other
hand, when 569 nm wTas used as the reference, quite different results were obtained (Fig. 68C). Kinetics at 420 nm,
where the y-band of cytochrome / was

I iLr. 70 Tim< courses of absorbance changes in the 7-band. The conditions were the same as
in Fig. OS < •:.'■' pi for chlorophyll f-oncentration, 10 /xg/ml. Asterisks, without NADP; crosses,
with NADP; circles, with methyl viologen. A, changes at 420 nm; B, at 435 nm; C, each point in
A was subtracted by absorbance change is al 445 nm; D, B, subtracted with the 445 nm changes.
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Fig. 71. Difference spectra of recovery phases in the 7-band. A, without NADP; B, with XADP.
Chlorophyll concentration, 10 /xg/ml. Other conditions were the same as in Fig. 69.

expected, however, revealed kinetics
quite similar to those at 554 nm when
539 nm was used as the reference wavelength but not when 569 nm was used
(Fig. 70A, B). Difference spectra (Fig.
71 A, B) in this region were fairly uniform, with twin peaks at 420 nm and 435
nm and pseudo-isosbestic points around
443 nm and 405 nm. There appeared to
be a slight positive change in the background, judging from the positive isosbestic points. This, however, did not
seem to have made a significant difference in the overall kinetics, as subtracting
445 nm traces did not cause drastic
changes (Fig. 70C, D). Thus, the use of
539 nm as the reference wavelength in
this case seemed to be a good choice.
The peak at 420 nm was positively
assigned to cytochrome / as in the case
of the 554 nm peak in the a-band. The
435 nm peak was most likely caused by
P700, with a possible small contribution
from fr-type cytochrome (s), as all known
b -type cytochromes have their y-band at
wavelengths shorter than 430 nm. The
nature of the background change is not
known.
Since it increased asymmetric-

ally more at 405 nm than at 443 nm, it is
not likely to be due to P430 but possibly
to ferrecloxin.
The next question was to determine the
roles of those components in overall
photosynthetic electron transport from
water to NADP. A preliminary experiment with 3 /xsec flashes showed that the
spectrum of absorbance changes induced
by short flash illumination seemed to
consist only of P700 and little cytochrome /,contrary to the observations in
higher plants (Witt et al., 19651. a red
alga (Nishimura, 1968) , and a blue-green
alga (Hiyama and Ke, 1971). On the
other hand, as described above, with continuous illumination we saw clear lightinduced absorbance changes of cytochrome /.Another reason to suspect the
role of the cytochrome was the result obtained by Anion's group (Anion, McSwain, Tsujimoto, unpublished) that
NADP addition induced steady-state absorbance changes in the light in the aband of cytochromes and gave a difference spectrum with a maximum at 557
nm rather than the 554 nm expected for
cytochrome
/. From
this result they

730
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ulated that the main electron transport chain from water to NADP included
cytochrome boo9 but not cytochrome /.
We designed a series oi experiments to
xamine the matter with the aid of the
KINAL system. The basic idea of the
experiment was as follows: If a component participates in electron transport to
reduce NADP. one would expect some
difference in the light-induced redox level

INSTITUTION

of the component in the presence and the
absence of the electron acceptor, NADP.
More specifically, one would expect the
component to be more oxidized in the
presence of NADP because NADP was
expected to limit the rate of photooxidation of any component in the chain. We
measured the light-induced oxygen evolution both in the absence and the presence
of NADP with ferredoxin and flavopro-
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72. Difference spectra of NADP-induced
tion. The lett< re b, c, . . . i indicate the time
539 nm for A, C and at 405
chemicals and enzymes were described in Fig.
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460

absorbance changes during and after red illuminaincrements shown in Fig. 68A. Each curve was nornm for B, D. Concentrations of NADP and other
68. Chlorophyll concentrations were 30 /^g/ml and

10 pg/ml
cr-band
and Y-band
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v. the ted
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Fig. 73. Difference spectra of NADP-induced absorbance changes during and after far-red illumination. The conditions of the measurements were the same as in Fig. 72 except that the actinic
light was far-red (>700 nm).

tein. The addition of NADP increased the
rate of oxygen evolution — that of overall
electron flow from water to NADP — to
90 /xmole/mg chl/hr from practically
zero. One could also assume that the
redox levels of the components in the
dark are hardly affected by the addition
of the electron acceptor, NADP or methyl
viologen, which are extremely weak oxidants of low redox potential. Thus, by
comparing corresponding difference spectra, one should be able to determine any
component that undergoes a redox level
change upon the addition of NADP.

Figure 72A shows the difference spectra of NADP-induced transients and
times indicated in Fig. 68. Thus, b and c
represent light transients and. or steady
states and d includes some dark transients
immediately after the actinic light was
turned off. In the a-band (Fig. 72A. C».
there was a broad band beginning around
subtracting Fig. 69A from Fig. 69B. The
symbols, a, b, . . . i, correspond to the
steady states in the light obtained by
550 nm with a slight peak around 557 nm.
that became more distinct as the actinic
light was turned off. In the y-band < Fig.

732
72B. D) the differences of light transients
(6, c) showed a distinct peak at 430 nm
with a slight shoulder around 415 nm.
Although it is difficult to assign components on the basis oi peaks in those spectin 430 nm peak might have been
luced by a /'-type cytochrome, quite
ssibly with an accompanying 557 nni
peak in the a-band.
The 557 nm peak
ame more distinct in the dark transient spectra iFig. 720 . which then was
•u ally taken over by a 554 nm peak.
In the y-band tFig. 72D), the emergence
oi 420 nm coinciding with the 554 nm
peak in the a-band strongly suggested
some effect oi NADP on the dark recovery of cytochrome /. The XADP-induced
steady-state changes in the light, on the
other hand, indicated the b-type cytochrome with the a-band around 557 nm
- affected by the addition of NADP
more than cytochrome /. The effect of
NADP on the dark recovery of cytochromesuggested
/
its position in a cyclic
*ron transfer with a common primary
.•tor with the XADP reduction, that
cyclic pathway around photosystem
1 in the current Z-scheme. The 6-type
cytochrome, which had been tentatively
signated cytochrome 557, seems also to
have undergone the effect of XADP in
the dark to a lesser extent, as was indi! by a transient increase of the 557
nm peak in Fig. 72C\ Although they aped small, absorbance differences both
• 420 nm and 554 nm were significant,
indicating at least partial participation
ytochrome / in major electron flow
ter to XADP. as well as particiii of cytochrome 557. As cytochrome
557 - sei - to participate in cyclic
electron transport to some extent, we con- 'hilar measurement with a farred actinic light instead of red light in
order to determine which photosystem
involved. As shown in Fig. 73A and
73< . a much smaller but distinct peak
ind 557 nm was observed by far-red
excitation. In the y-band, the situation
& clear, probably because of the
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interference from P700 which had a peak
at 435 nm (Fig. 73B and D). Nevertheless, this indicates that a possible location
oi cytochrome 557 in this blue-green alga
is closer to photosystem 1, not in a cyclic
pathway of photosystem 2 as proposed
for higher plant cytochrome 6559 (Boardman et a/., 1971 ; Year Book 71, 1972).
To continue the examination of electron transfer in these particles, difference
spectra of the changes induced by red and
far-red light were measured (Fig. 74A
and 74B) . The difference spectra (6, c, d)
showed two negative peaks around 548
nm and 554 nm, indicating that more reduced C550 and more oxidized cytochrome were
/
produced by red than by
far-red actinic light. The spectra in the
blue region were characteristic of those
expected for oxidized cytochrome / in the
y-band: a negative band around 415 nm
and a positive band around 445 nm.
A positive band around 435 nm could
be assigned to P700 and quite possibly
some cytochrome 557. One possible
explanation is that most cytochrome /
is located in a cyclic pathway around
photosystem 1 and is not reduced by
electrons produced by photosystem 2
activity. The greater effectiveness of red
light over far-red light in exciting a
photosystem 1 reaction may be due to the
higher absorption of red light by the pigments of photosystem 1. C550, which has
been suggested to be the electron acceptor
of photosystem 2 (Knaff and Arnon,
1969), was more reduced by red actinic
light. P700 and/or cytochrome 557 were
also more reduced by red actinic light,
indicating that these components were
also getting electrons from photosystem 2
in the water-to-NADP electron transfer
pathway.
In summary, the photoreduction of
NADP with water as the electron donor
seems to involve the collaboration of two
photosystems that are excited by red
;i nd far-red light. P700 and cytochrome
557 appear to function in the main electron transfer chain with perhaps a small
amount of cytochrome / also. Most of
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Fig. 74. Difference spectra of red-excited and far-red excited absorbance changes in the presence
and absence of NADP. The experimental conditions were described in Fig. 72 and Fig. 73. The
far-red induced spectra were subtracted from red-induced spectra.

the cytochrome /, however, appears to
be functioning in a cyclic pathway
around photosystem 1. Although more
studies are necessary for any definite
conclusion, the indication of two types
of cytochrome /, one in the noncyclic
and another in a cyclic pathway, is consistent with a recent proposal by Biggins

(1973) based on the study of the red
alga Porphyridium.
Action Spectra
The photoreduction of XADP was
measured as an absorbance increase at
340 nm by a single-beam spectrophotom-
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-0.04
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720
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Fig. 75. Action spectrum of overall photosynthetic electron transport (water to NADP).
The reaction mixture was the same as described
in Fig. 6S.

eter. The reduction of 2,6-dichlorophenolindophenoliDCIP) was measured
at 580 Dm. Actinic light was obtained
from a quartz-iodine lamp (650 watts
and filtered through a 3.7-cm water filter
and a narrow-band interference filter —
5 nm half bandwidth — obtained from
Infra-Red Industries). The intensity of
the actinic light was measured by a calibrated photocell during rate measurements. The incident energy was kept at
an approximately constant value at each
wavelength throughout one series of experiments byadjusting the supply volt- to the lamp.
Water to XADP.

measure the action spectrum for DCIP
reduction (Fig. 76). The maximum in
this case was near 673 nm with a broad
minor peak around 620 nm. The overall
shape was quite similar to the spectrum
for the water-to-NADP reaction in Fig.
75, except for the far-red region, where
the water-to-DCIP reaction had much
less activity. This matter will be discussed later.
DCIP or DAD to NADP. The photoreduction of NADP by ascorbate used in
combination with dyes (DCIP or DAD,
2,3,5, 6-tetramethyl— p-phcnylenediamine,
a gift from Professor A. Trebst, Ruhr
I niversity, Germany) in the presence of
3-(3,4-dichlorophenyl)— 1,1-dimethylurea
(DCMU) was found to have a much
higher quantum efficiency than those of
the two previous reactions. The average
incident quanta, therefore, were kept
around 1 nE cm"2 sec-1. Even at this
Iqw intensity, which for technical reasons
was the lower limit for reasonably accurate measurements, the rate of NADP
reduction with DCIP-ascorbate as the
donor appeared to be slightly too high
-0.08

0.04

The average inci-

nE cm"2 sec"1,
at 6 reduction
was ofkept
where denttheenergy
rates
NADP
were
confirmed to be proportional to the intensities ofthe actinic light at 670 nm,
ly the maximum. The result is shown
ifi Fig. 7."). The maximum was around
675 run with a much lower peak around
• 120 nm.
Water to DCIP.
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The

same average

intensity (6 nE cm - sec l) was used to

720
600

640

680

Wa velength.nm

Fig. 76. Action spectrum of DCIP photoreduction. The reaction mixture was the same
as
in Fig. 75
nscorhat.e
wasexcept
added.for 3.3 X 10-' M DCIP.
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Fig. 77. Action spectra of NADP photoreduction with DCIP or DAD as the electron donor.
The experimental conditions were the same as
in Fig. 75 except for DCMU (1.6 X 10"6 M)
and DCIP (2.5 X lO"4 M) or DAD (3.3 X 10"5
M).

to attain a linear relationship with light
intensity. Thus, some differences seen in
Fig. 77 both in the 700-720 nm and the
600-650 nm regions may have been
exaggerated for the DCIP-to-NADP reaction. These two curves, nevertheless,
show substantial differences from those
for DCIP reduction given in Fig. 76,
particularly in the far-red region. At
700 nm, for example, the activity of
DCIP reduction was less than 6% of the
maximum at 673 nm, whereas NADP
reduction from either DAD or DCIP
proceeded at the rate of more than 50%
of those of the maximum at 680 nm. This
is consistent with the conventional
theory that NADP reduction by an artificial donor in the presence of DCMU
can be excited by far-red light, thus
being a PS 1 reaction, while dye reduction by water is excited by only red
light (PS 2 reaction).
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On the other hand, another significant
difference should be noted in the 600650 nm region. The light of these wavelengths apparently excited PS 1 more
efficiently than PS 2. As this preparation from a blue-green alga did not contain chlorophyll b, phycobilins were most
likely photon absorbers in this region,
the majority being C-phycocyanin
(Arnon et al., 1974). This observation
seems to conflict with the current concept
that accessory pigments such as the phycobilins preferentially transfer energy
to PS 2. The possibility that a phycobilin excites PS 1 in this particle was
also supported by fluorescence spectra
that will be described later. The phycobilin content of the FD-144 preparation was very low due to extensive washing by digitonin (Chi a: phycobilin =
500:1, compared with that of intact cell.
1.3:1, Arnon et al., 1974). One possibility isthat, while the majority of phycobilins serve to excite PS 2 in intact
cells, as has been demonstrated repeatedly in a number of blue-green algae, a
small fraction of the phycobilin may
preferentially excite PS 1. During the
isolation process, which included exhaustive washing by digitonin, PS 2 phycobilin could have been preferentially
washed away, while PS 1 phycobilin was
left. Another possibility would be that
the washing process by detergent caused
some structural damages to the membrane and altered the original pathway
of energy transfer.
To obtain more insight into the forms
of pigments involved in each reaction,
the quantum efficiency, <f>, of each reaction at each wavelength was calculated
by correcting the rates plotted in Figs.
75, 76, and 77 with the number of quanta
actually absorbed by the sample. These
numbers had been estimated from a
transmittance spectrum of the reaction
mixture obtained with a Cary 17 spectrophotometer. The resulting <j> was then
multiplied by the absorbance. A i= log
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T\ . oi the reaction mixture at each wavelength. The resulting A<t> would represent a hypothetical absorbance of pigments responsible for a given reaction.
For the sake oi this comparison, all the
A<t> values were then normalized to the
absorbance maximum of each spectrum
as 1. Figure 78 is the summary of the
results. Although the spectrum for each
reaction is in essential agreement with
a current concept that long-wavelength
absorbing forms of chlorophyll are for
PS 1. a few points might be worth
noting. Besides the 600-650 nm region
discussed previously, attention should
be paid to a small but significant absorbance in the 700-710 nm region in
the water-to-XADP reaction mentioned
before. Although a further investigation
of the matter is necessary before a final
conclusion can be reached, this enhanced
far-red activity may well have been
caused by an electron input somewhere
on the intermediary pathway between
two photosystems, with ascorbate as the
electron donor.
Although ascorbate is

600

620

INSTITUTION

usually a poor electron donor without an
artificial mediator such as DCIP, it
could partially replace the normal supply of electrons from PS 2, particularly
in the far-red region where PS 2 activity
is expected to be minimal.
Fluorescence
As noted above, these particles have
a very low concentration of phycobilins
(Chi a:phycobilin = 500:1, Arnon et al.,
1974). We noticed in the action spectra
mentioned above that in the wavelength
region from 600 to 650 nm, where the
phycobilins have their maximum absorption, the reactions associated with PS 1
were more strongly sensitized than were
reactions associated with PS 2. We
wondered whether the small amount of
light absorbed by phycobilins in these
particles was transferred preferentially
to PS 1 rather than to PS 2 as is usually
the case.
A preliminary measurement by Hagar
in this laboratory showed that the exci-
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Fiji. 78. Estimated ;ib~orption spectra of pigment systems responsible for each reaction.
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Fig. 79. Emission spectra of fluorescence excited by 365 nm and 440 nm light. A Perkin-Elmer/
Hitachi recording spectrofluorometer (Model MPF-3L) was used. The spectra were uncorrected.
Chlorophyll concentration was 1 jug/ml.

tation spectrum for fluorescence had a
peak at 365 nm in addition to the usual
maximum at 440 nm expected for
chlorophyll a. We found, indeed, that
the emission spectrum for fluorescence
excited by 365 nm light yielded quite a
different pattern from that excited by
440 nm light. With 440 nm excitation
(Fig. 79, solid line) the main fluorescence peak occurred at 686 nm and a
minor peak was seen at 730 nm. However, with 365 nm excitation (dashed
line) the major fluorescence peak appeared at 659 nm, a shoulder occurred at
644 nm, and the peak at 686 nm was decreased. The spectrum obtained using
440 nm excitation was typical of that
produced by the fluorescence of chlorophyll a. The spectrum produced by
365 nm excitation suggested phycobilin
fluorescence with peaks of C-phycocyanin
fluorescence at 644 nm and allophycocyanin at 659 nm, in addition to the emission maximum produced by chlorophyll a.
The addition of DCMU enhanced the
peak at 686 nm excited by 440 nm by
about 10%, but the peaks at 659 nm and
644 nm produced by phycobilin excita-

tion with 365 nm light were unaffected.
This observation suggests a lower efficiency of energy transfer from phycobilins to PS 2 than to PS 1.
However, the apparent association of
phycobilins with PS 1 in this particle
may be only partly responsible for the
high efficiency of phycobilin-absorbed
light in the 600 to 650 nm region in driving PS 1 reactions more efficiently than
PS 2 reactions mentioned above. It is
quite possible that the extensive washing
during the preparation of these particles
may have altered the normal energy
transfer pathways as discussed in the
preceding section.
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COMPUTATION
SYSTEM
FOR
A XALYSIS
( K I N A L)

KINETIC

'/'( tsuo Hiyama. Glenn A. Ford, and David C. Fork

A- mentioned last year i Year Book
72} p. 368, 1973). we have started extensive work on computer proeessing of
kinetic data obtained by a high speed
difference spectrophotometer. One of the
objectives this year was direct input of
data from the spectrophotometer into a
computer to eliminate cumbersome and
error-prone processes such as manual
analog-to-digital conversion and data
entry. For some time the laboratory
has been hardwire-connected to the
A.CME system (Advanced Computer for
Medical Research) at Stanford Univer-

sity {Year Book 67, p. 534, 1968). Until
recently, the system had been used by
the laboratory primarily for digitizing
absorption spectra, using a curve digitizer [Year Book 67, p. 535, 1968) and
punching the data onto cards for curve
analysis. Since ACME was equipped
with a facility for analog-to-digital conversion as a part of their on-line system
(REALTIME), we attempted to send
our analog signal output from the spectrophotometer directly to the ACME
system. Although a number of technical
problems had to be worked
out, the
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Preprocessor

recorder
i

Photocurrent

Under-

It

ADC
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J
i

Fire
command

tI elet
I i ypew
i nter
Acoustic
r, _
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telephon
T , , e
line
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computer

m
Disc file

Laboratory

Stanford

Fig. 80. Outline of the present data-processing system. Two separate electronic signals are recorded by the tape recorder and sent to the computer: one is the photocurrent signal from DAC
(digital-to-analog converter) in the signal averager, and the other, the "interrupt pulse" from the
memory scaler to initiate the conversion and registration of data in the preprocessor. Computed
results are sent back to t}jf: laboratory through telephone lines to be printed by the teletypewriter,
which also Bends commands to the computer.
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present system has finally been established as summarized in Fig. 80.
Spectrophotometric data, that is, time
courses of photocurrent transients, are
digitally stored in a memory of a signal
averager. Often, several traces are added
and divided by the number of measurements to obtain a cleaner average signal
(Year Book 71, p. 182, 1972; Year Book
72, p. 368, 1973). Although in principle
the content of the memory, which
is
digital, can be sent directly to the larger
computer, at present, data are first recorded on an analog tape recorder (Hewlett-Packard model 3960) and then sent
to the computer via underground cables
at any reasonable time after recording.
This indirect on-line method has been
chosen to reduce the effect of occasional
technical irregularity of the computer
service. Analog recording and transfer
also allows us to monitor the signal with
a regular oscilloscope during the process.
For accurate initiation of the analog-todigital conversion and temporary allocation of buffers by a subsidiary computer
(IBM 1800), an interrupt pulse is provided by the signal averager that coincides with the beginning of the memory
reading in the signal averager.
This
interrupt signal is simultaneously
recorded on a second track of the tape.
The data acquisition process is controlled
by a program,
DATA_ACQ,
via the
laboratory
teletype terminal.
Upon
a
command from the data processor during
the program execution, the tape is played,
sending the signal and the interrupt pulse
through the underground
cable to the
Medical Computer Facility. After these
analog signals have been converted to
digital and temporarily stored in a buffer
in the subsidiary computer, the contents
are transmitted
to a main
computer
(IBM 370/158), where main calculations
are performed.
Since a command from the signal
averager for firing the actinic flash or
opening an electronic shutter for con-

tinuous illumination has a preset delay
of 16/256 of the full time span, the program first averages this initial part to
obtain a base line. Each trace is digitized into 250 incremental [joints; from
which this base-line level is subtracted.
These resulting numbers; are voltage
changes, AV, and are subsequently converted into the corresponding absorban^changes. As most transmittance changein biological samples are less than 1 %
of the total transmittance, the photovoltage changes, which are directly proportional to the transmittance changes,
can be converted into the absorbance
changes by the following equation with
less than 0.5% error:
GV0
0.434 FAV
AA =
where A.4 is absorbance change; F, overall transmission coefficient through the
averager, the tape recorder, the linebooster, the transmission line, and the
analog-to-digital converter; G, gain of
the preamplifier; V0, offset voltage to
cancel the photocurrent due to the bulk
transmittance. Data processed in this
manner are then stored on a multi-disc
unit (IBM 2314) as a data file
(kinal—da). Presently we keep four
separate files, that will be described
later, each containing several hundred
data sets.
Library Programs. This year an extensive line of software, the KINAL
library, has been established in PL
ACME language, a derivative of PL 1.
to meet various types of computational
and data processing needs (Fig. 81 1 . As
described above, all the data from the
tape recorder are first processed by the
DATA_ACQ program, and these converted numbers (absorbance changes i
are now written into a file, kinal—da, one
curve containing 250 points. The filed
data are then either printed out as a
table or plotted as a diagram by the
PLOT
program.
Usually these digital
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Fig. SI. Outline of KINAL software. Names in rectangles are those of data processing programs. The names of files are in ovals. A double rectangle indicates a program for plotting by the
teletypewriter. The content of a file can be transferred to punch cards for a permanent record and
plotting by an x-y plotter.

curves are further processed by one or
more other programs. Data generated
through KINAL, LOGPLOT, and
INVPLOT are written into another file,
plot-da, while SUBTRACT writes back
to kinal_da. Data from either the
kinal— da or plot_da files may be plotted
diagram of time courses using the
program PLOT. The data processed by
DIFFSPEC, however, are written into
the file diffspec. Through this program
original data of time courses at a
number of wavelengths are reorganized
on wavelength basis. The data in diffspec are then plotted as difference spectra using the program, PLOTDIFF.
Plotting, under control of this program,
is usually displayed at the laboratory
on the teletypewriter. Thus, the result
becomes available within several minutes
r the data acquisition. The filed data
ran also be transferred to punch card-,

which are later used in conjunction with
an IBM 360/67 and a special plotting
program to plot out a two- or threedimensional display on a Calcomp
digital plotter.
LOGPLOT and INVPLOT simply
convert the absorption changes in the
kinaLda file into logarithms and reciprocals, respectively, to examine the
order of the reactions involved. Some of
the examples are shown in Fig. 82.
Three curves in Fig. 82A represent recovery kinetics of flash-induced absorbance changes at 421, 430, and 439 nm
with subchloroplast particles from spinach. The straight lines with identical
slopes strongly suggest that the changes
are due to a single component and the
recovery reaction is either first or
pseudo-first order. On the other hand,
in Fig. 82B, where the conditions are
different fin the absence of the electron
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acceptor, methyl viologen) the reciprocals of the recoveries give different
slopes, suggesting the involvement of
different components. The straight line
in this case would be the indication of
second order reaction.
The original program KINAL, written in BASIC (Year Book 72, p. 371,
1973) has been translated into PL/
ACME. The program essentially solves
a large number of simultaneous equations to resolve kinetics composed of
multiple components, as described in
detail last year. In this revised version,
data are taken from the kinal_da file
and the solution is filed into the plot_da
file, and plotted out through PLOT
program.
SUBTRACT was originally designed
for a special case of KINAL where one
of two components, a, can be observed
at a certain wavelength, A„, without any
overlap of the other component, but
where 6, the second component, is always
overlapped by a at any given wavelength. For kinetic resolution a wavelength, \b, is chosen, typically an absorption maximum of b. The transient
signal at Xa is then multiplied by the
ratio of the extinction coefficients of a
at A0 and Xh and subtracted from the
signal at A&. The result is expected to be
the change due to component b alone.
In many cases, this process has been
found to be simpler and more practical
than KINAL because only two extinction coefficients of a are necessary. Even
more frequently this program has been
used for simulating a dual-wavelength
spectrophotometer. In this case, one
trace at wavelength, Xa, is simply subtracted by another at a reference wavelength, A&. Some examples have been
shown in the preceding paper in this
Annual Report, where the changes of
light-induced steady state under different conditions were analyzed. As in the
case of a dual-wavelength spectrophotometer (Chance, 1951), a broad-band
absorption
change
in the background,

74
often due to light-scattering changes,
can effectively be canceled out by choosing a proper reference wavelength.
In
this computer simulation, the measurement can be repeated a number of times
with different A,, after only one actual
measurement by a single-beam spectrophotometer.
PLOT is the last step of all the professes for time course studies. The program takes data from either kinal—da or
plot_da. Each group of 5 consecutive
points is averaged out of the total 250
points in the curve to give 50 points for
plotting. In addition to avoiding an
unnecessarily extended diagram that
would result in all 250 points being
plotted, this process provides the benefit
of extra noise reduction. This "software
filter" has a distinct advantage over a
hardware, capacitor-type filter commonly used for noise reduction: When a
signal is superimposed by a short but
high transient spike such as flash-induced
fluorescence or leak of the actinic flash
itself, a capacitor-type filter at a preamplifier stage tends to widen the spike
and distort the signal. In extreme cases,
the hardware filter could add clearly
exponential kinetics that may often be
mistaken for an absorption change but
are actually the kinetics of capacitor
discharge. With a "software filter/' the
filter capacitance of the preamplifier can
be kept at a lower value and still attain
the same signal-to-noise ratio. This program also reduces the effect of the initial
unwanted spike by discarding the first
few points before averaging.
DIFFSPEC, in combination with
PLOTDIFF, plots out several difference
spectra from a group of transient signals
derived from a series of systematic
measurements at different wavelengths.
First, each signal is divided into nine
time periods, and a median value for
each period is computed by averaging.
These average absorbance readings are
compiled from multiple wavelength time
courses into nine spectra at respective
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times after the flash. The constructed
curves are written into a new tile (diffspec) on wavelength basis. A plotting
gram, PLOTDIFF,
then takes this
file and plots nine spectra (absorption
changes vs. wavelengths) tor corresponding time periods. An example, shown in
_ S3, is the result from a flash experiment with spinach subchloroplast particles, plastocyanin, and cytochrome c.
In this reaction, a primary photooxidant
(P700) formed by a short flash (5 /msec)
oxidizes mammalian cytochrome c
through plastocyanin. Traces at 26
wavelengths, starting from 515 urn with
a 2 urn step, were used in Fig. 83 A,
which elearlv shows a distinct «-band

oi cytochrome c showing up as time increases, while the spectrum immediately
after a flash ((7) is seen only as a broad
band that is most likely P700. The same
reaction was observed in the 400—450 11111
region (Fig. 83B). As expected, the
spectrum immediately after the flash
shows a characteristic spectrum of P700
with the maximum at 430 11111. As the
430 11111 peak quickly fades away, the
420 11111 peak of cytochrome c begins to
show up, indicating the sequential reactions of these two components in this
photochemical reaction. For a more
graphic demonstration, we attempted a
three-dimension presentation of this
group of spectra (Fig. 83C and D).
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Fig. 83B. Difference spectra in the 7-band : the conditions were the same as in 83A.

Fig. 83C. A three-dimensional plot of Fig
83A: 2-axis, absorbance; M, time; N, wavelength.

Fig. 83D.
83B.

However, we found it difficult to decide
upon optimal values for graphical coefficients (distance, yaw, and pitch) for
the most effective visual demonstration

of a photochemical reaction because individual preference is also involved. For
this reason we have not pursued this
type of presentation any further.

A three-dimensional plot of Fig.
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In Fig. 84. cytochrome c was replaced only visible component being represented
by .Y..Y..Y',.Y'-tetramethyl-p-phenylene- by a group of highly uniform spectra
diamine (TMPD).
Here, P700 is the
with two clear isosbestic points.
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Fig. 85. An example of DIFFDIPF. The basic reaction mixture was the same with that in Fig.
Methyl viologen was omitted in curve b (asterisks). More details are in the text.
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DIFFDIFF takes any two of the data
sets in the diffspec and subtracts one
from the other. The result is a difference
spectrum of two difference spectra. One
example, shown in Fig. 85, is a difference
spectrum (circles) and two original
spectra of absorbance changes immediately after a flash, one with methylviologen present (6, crosses) and the other
without (a, asterisks) . The effect of
methyl viologen addition can be seen by
comparing curves a and 6. The difference
between these curves (circles) shows the
difference spectrum of P430 that was
discovered by manual subtraction of two
spectra (Hiyama and Ke, 1971).

SAVELSF is used to compute the slope
of a curve with scattered points due to
noise using least-squares fitting. Data
can be either untreated transient absorption changes or those preprocessed by
other programs such as KINAL,
LOGPLOT, INVPLOT, or SUBTRACT.
For analysis, the time span is divided
into four equal parts. The slopes and
intercept values are then computed for
each portion. The results are printed
i».
out at the laboratory teletype as a
it.
numeric table of observed y values 0. and
estimated y values and are also written
1*0
into the leasqfi file. The program is 0.used
to estimate the rate of the reaction 2. and
1.
B.
5.
3.
6.
7.
?.
9.

01*0
60
60
80
1*0
00
80
20

+o

10.
12.
60
11. 20
12.
1<4. 00
13. 80
+
+

o

o

o

o +

+

15.
16. 20
,00
80
16. ,1*0
20,
19. ,60
17.
20.
18.
21. ,20
22. ,00
23. ,80
21*, ,60
2U, ,1*0
,20
00
26,
25,
27,

,60
,80
28, ,<*0
28,
29,
.00
.20
30,
31, ,80
.1*0
,50
32,
1*0
1*2
1*3
32
33
3U
35
UO
36
38
36
Ul
37
1*1*

.20
.80
.00
.1*0
.60

.00
.20
.80
.60
.1*0

.20
.80
i*i* .00
39 .60

.<«0

.20
.5 D

.80
.00
.UO
.00
.20
.80

Fig. 86. An example of least-square fitting through SAVELSF and PLOTLSF. The reaction was
a flash-induced absorbance change at 430 nm in the same reaction mixture as in Fig. 82 A. The
data were converted to logarithm through LOGPLOT and then processed by the least-square fitting programs. Crosses represent the resulted best-fit values; circles, observed values.
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the size of the initial change. PLOTLSF
plots both the result of SAVELSF from
leasqfi, the y estimates, the original experimental results, and the original y
values from kinal— da or plot_da. An
example is shown in Fig. 86,
Discussion
One oi the shortcomings oi the present
system is the large amount of time involved in data transfer and conversion.
The present intermediary tape recording does increase significantly the time
required for analysis but this was necessitated byan irregularity of computation
service at the Stanford Medical ("enter,
the frequency response of the transmission cables, and the slow conversion
speed of the analog-to-digital converter.
The announcement that ACME will be
discontinued by October 1974 has also
prompted us to look for alternatives.
Although we have access to a larger and
more versatile computation system, the
360 67 at the Stanford Computation
Center, it currently does not accept any
direct real time data, either digital or
analog; the data has to be prerecorded
digitally on magnetic tapes, punched
cards, or paper tapes. Utilization of this
facility would require many more intermediate and time-consuming steps. Per-
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haps, a more economical and convenient
solution in the long run would be a small
computer at the laboratory. The recent
advance in the integrated circuit technology has resulted in a sharp decrease
in size and cost of minicomputers and a
tremendous improvement in their performance. As most of the latest versions
of minicomputers use such interactive
languages as BASIC, FORTRAN, or
PL 1, the shift of KINAL to a minicomputer system would not be very
complicated because most of the basic
problems have been worked otit. An
even more economical version called a
programmable calculator is becoming
more versatile and may substitute for a
minicomputer fairly soon.
One of the greatest advantages of
computer use in spectroscopy is the reduction of error and human bias in hand'ing fluctuating data. As the usefulness
and convenience of computer use are
realized by more biochemists, it will not
be too far in the future when a computer
will become as commonplace in a biochemical laboratory as a centrifuge and
a pH meter.
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GROWTH
RESPONSES
OF
PLANTS
FROM
HABITATS
WITH
CONTRASTING
THERMAL
ENVIRONMENTS
TRANSPLANT STUDIES IX THE DEATH
VALLEY AND THE BODEGA HEAD
EXPERIMENTAL GARDENS
Ollt Bjorkman, Malcolm Nobs, Harold Mooney?
John Troughton, .}<><< \>h Berry, Frank
Nichol on, a nil William Ward
The comparative growth experiments
on plants native to habitats with conning thermal regimes, described last
Department of Biological Sm
Stanford
University, Stanford, California-

year {Year Book 72, p. 393), are being
continued. These experiments, which include transplantations in our experimental gardens on the floor of Death
Valley and at Bodega Head (Fig. 87)
as well as in our control led-growth facilities at the laboratory at Stanford,
serve two main purposes. One is to determine the limits of higher plant growth
and productivity under extreme temperature regimes. The other is to provide
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Fig. 87. The transplant stations at Bodega Head (bottom) and in Death Valley (top)
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sound background information for our
studies on the physical, structural, metabolic, ami other physiological mechanisms that underlie the differing abilities
oi plants to grow in habitats with contrasting thermal environments. In addition, the present growth studies should
provide much needed information on the
eeologieal "strategies" of plants occupying oceanic environments and those occupying desert environments.
In many
- s, related species oi the same genus
such as Atriplex are common in both
types oi habitats and in some instances
even the same species; for example,
Distichlis spicata is a principal component oi the vegetation both in coastal
strands and marshes and in alkali sinks
and saline areas in hot deserts such as
the Death Valley floor.
During the year, growth and development were followed in 17 different species
or ecological races of the same species
which were transplanted into the Death
Valley and the Bodega gardens in the
spring of 1973 and 1974. With the exception of the aquatic species Typha
don
ris and T. latifolia (which were
grown in tubs with ample water) , half
of the individuals of each species were
supplied with water twice daily throughout the experiment while the other half
were irrigated only until mid-May.
Each plant was photographed, and notes
taken monthly on plant size, vigor,
and developmental stage in both experiral gardens. At different times durum the experiments, representative individuals were harvested, dried, and
d. Solar radiation and air temperature were recorded continuously at
the U.S. Weather Bureau Station 30 m
south of the Death Valley garden. Periodical measurements were made of total
and net radiation incident on the plants,
wind speed, soil temperature, and air
humidity; leaf temperature, leaf vapor
ssure deficits, and xylem water potentials were determined periodically on
selected plants. The results of these
measurements
together
with
further
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studies now in progress should provide
the ilata needed for an accurate evaluation of the energy and water balances
oi the plants growing in these contrasting
environments.
Intensive measurements of plant productivity and physiological characteristics are also being continued this year.
Although it is too early to give a detailed account of the results, a brief characterization ofthe responses obtained in
the transplant stations will be presented
here.
The plants selected for this study included those which grow naturally in
cool oceanic environments where the
temperature during the vegetative period
can be expected to be below optimum
for growth, as well as those which grow
in desert habitats where summer temperatures greatly exceed the optimum
for plant growth in general. Both groups
of plants included C3 species as well as
C4 species. Many of the species under
study are native to the areas where the
transplant stations are located.
Although many plants wrere well established at the time irrigation was discontinued in mid-May, none of these unirrigated plants was able to survive the
summer in the Death Valley garden, indicating that the scarce annual natural
rainfall (40 mm) that is uniformly distributed over the soil is insufficient to
support plant growth during the summer
months. Plant growth must therefore
be restricted to places where water accumulates or where a continuous water
supply is made available by seepage or
by springs. Few species in Death Valley
and none of those used in this study
have roots that reach down to the ground
water table. Atriplex hymenelytra, a native of xeric habitats in Death Valley,
was able to survive for a longer time
after irrigation was discontinued than did
any of the other species.
On the basis of their growth response
in the irrigated part of the Death Valley
garden, the species tested to date may
be divided into three main categories:
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il> those which wore unable to survive
the hottest period oi the year. June 1 to
October 1. '2i those which survived the
summer and retained their leaves and
at least some metabolic activity during
this period but whose net growth mainly
occurred at other times; and (3) those
whose growth mainly occurred during the
period June 1 to October 1. The results
arc summarized in Table 8.
All oi the species native to cool
oceanic environments, except Distichlis
ata (C4) from coastal strand on the
Point Reyes peninsula but including
Atriplex sabulosa, a C4 species from cool
coastal environments, fall in the first
category. So do Atriplex spicata (C3)
and A. rosea (C4), both of which originated from Los Banos in the San Joaquin
Valley of California. Most of these
plants were dead before June 1, and all
oi them were dead in mid-July. However, although incapable of surviving the
summer months in the Death Valley
garden, most of the .4. rosea seedlings
went through their complete life cycle
in the period April 1 to May 1, resulting
in very small, stunted plants with only
a few leaves and a few mature seeds. In
its native Eurasian habitats and the
habitats in which it is commonly naturalized in California, this species usually begins to grow in early May and
produces seeds in September when it
usually reaches a height and a diameter
of 1 m or more.
All of the plants tested which are native to Death Valley, with the exception
of Tidestromia oblongifolia, fall in category 2. as do also Distichlis spicata (C4)
from Point Reyes close to the Bodega
Bead
station and Atriplex lentiformis
from the coast close to Santa Barbara in southern
California.
Both of
- species also occur naturally
in
Death Valley. Nevertheless, it is evident
that ecological races have evolved within
:i of the-' species. In the Death Valley garden the coastal clones of I), spicata and A. lefitiformis ceased net growth
earlier in the summer than did the Death
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Valley clones, and the biomass production during the period May 1-November
1 was significantly greater in the Death
Valley clones. This is in contrast to their
performances in the Bodega Head garden where the biomass production of the
coastal clones markedly exceeded that of
the Death Valley clones. The differential
responses of the two ecological races of
D. spicata are illustrated in Fig. 88. It
is also of interest to note that the coastal
clones of D. spicata flowered several
months earlier in the Death Valley garden than did the Death Valley clones.
In the Bodega Head garden, flowering in
the coastal clones occurred later than
in the Death Valley garden; no flowering took place in the Death Valley clones
in the Bodega Head garden. A similar
difference in their responses at the intrageneric level in the two transplant gardens is evident in other species of Atriplex and in species of Solidago and
Typha. In these, the coastal species are
unable to survive the summer in the
Death Valley garden (category 1),
whereas their counterparts from desert
habitats are successful (category 2) .
Among the plants in category 2 the
Death Valley clones of A. lentiformis and
Typha doming ensis retained net growth
longer (until late June) and resumed
growth earlier (in mid-September) than
the other species in the Death Valley
garden. No signs of heat or water stress
were evident in the Death Valley clones
of A. lentiformis during the peak of summer, but in T. domingensis the upper
half of the leaves died back during late
June and any new growth during the
summer was restricted to within 10 cm
of the relatively cool (ca. 35°C.) water
surface. In Atriplex hymenelytra, an
evergreen species native to Death Valley,
growth was very active until early June
when it slowed down and apparently
ceased until late September. During the
year marked changes took place in leaf
size, reflectance, water content, and water
potential. The first three of these changes
evidently are mechanisms that serve to
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Fig. 89. Photograph? of representative seedlings of coastal Atriplex glabriuscula (top) and A.
sabulosa (bottom) in the Bodega Head garden on August 6. These species are unable to survive
the summer in Death Valley even when supplied with ample water.

minimize the heat load during the summer.
All of the species tested except T. oblemgifolia were able to grow in the cool

Bodega Head garden throughout the experimental period from April 7 to November 7 but their productivities showed
considerable variation. The species with
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the highest growth rates were the coastal
A triplex glabriuscula (C3), A. hastata
(C3), and A. sabulosa (C4), followed by
A. spicata (C-A) and A. rosea (C4), all of
them nonsurvivors during the summer
in the Death Valley garden. Photographs
of A. glabriuscula and A. sabulosa in the
Bodega Head garden are shown in Fig.
89. The performance of two Typha
species was similar in the Bodega Head
garden, but the productivity of the T.
domingensis was markedly less than in
the Death Valley garden, where the development ofthe tubers was much more
pronounced.
Atriplex hymenelytra (C4), which is
active in Death Valley even in winter,
grew well in the Bodega Head garden
(Fig. 91). So did the two ecological
races of ^4. lentiformis (C4), but the
coastal clones of this species were superior to the Death Valley clones. It is
noteworthy that A. hymenelytra flowered
in late summer in the Bodega garden and
that all the plants were monoecious,
whereas in Death Valley this species
flowers in December and January and
the plants are generally dioecious.
The growth of both the coastal and
the Death Valley clones of Distichlis
spicata (C4) was considerably slower in
the Bodega Head than in the Death Valley garden. This was particularly evident in the Death Valley clones, which
grew very slowly in the Bodega Head
garden (Fig. 88).
In contrast to Death Valley, irrigation
at the Bodega Head garden in general
had little effect on growth; the effect
was only significant after mid-August
and only in those species which had a
very fast growth rate. In the Death
Valley clone of D. spicata growth was
even slower than under unirrigated conditions presumably because irrigation
results in a reduction of the temperature
of these low-growing plants.
Tidestromia oblongij olia , a C4 perennial native to Death Valley and adjacent
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hot desert areas of low elevation, is outstanding among the plants studied. Repeated plantings of this species in the
Bodega Head garden at different times
in spring and summer show that it is
unable to grow in this cool environment.
In Death Valley little growth occurs
until mid-May, but during June growth
is extremely rapid (Fig. 90) and a very
high growth rate is maintained throughout July and August. Flowering takeplace in September, and mature seeds are
produced in late October, after which the
plants die back and retain at most a few
small winter buds during the period
when most other plants are fully active.
Growth then resumes the following May.
Little is yet known about germination
and seedling establishment in this plant,
but it is evident that this can occur at
any time from May till October when
temperature is high, provided of course
that adequate water is available. Growth
experiments under a series of controlled
temperature regimes clearly show that
T. oblongijolia not only tolerates very
high temperatures that are lethal to most
plants from temperate environments but
these high temperatures are required for
maximum growth rates.
In conclusion, these studies provide
striking examples of the great differences that exist among naturally occurring higher plants in their ability to grow
and survive under contrasting natural
thermal regimes. It seems evident that
plants that are most productive in one
environmental extreme are unable to cope
with the other. This is exemplified by
the coastal Atriplex species A. glabriuscula, A. hastata, and .4.. sabulosa. all of
which reach very high growth rates in
the cool Bodega Head garden (Fig. 89)
but which cannot survive the summer in
Death Valley even when supplied with
ample water, and by Tidestromia oblongijolia which is capable of extremely
high growth rates at the very high temperatures (40 to 50 °C.) that prevail dur-
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ing the summer in Death Valley (Fig.
90) but which grows much more slowly
at moderate temperatures and is unable
to grow in the cool Bodega Head garden.
An intermediate plant typo is represented
by Atriplex hymenelytra which is able to
survive in both oi those environmental
extremes hut whose growth rate at Boga (Fig. 91) does not match those oi
the species adapted
to grow in cool
stal environments nor that of T.
oblongi folia during the summer in Death
Valley, Evidently, the physiological
mechanisms that enable the plant to perform excellently under one temperature
extreme preclude the ability of excellent
performance under the other extreme.
These studies also indicate that the
sonal activity of the plants in their
native Death Valley habitat is to a large
extent controlled by temperature, either
directly or indirectly. Even though the
plants were supplied with ample water
throughout the summer, the seasonal ac-
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tivities of the various species tested
closely followed those of the plants in
their natural habitats. It does not follow, however, that water stress can be
excluded as a main determinant in the
drastic reduction in growth during the
summer that occurs in all species in
Death Valley (except T. oblongi folia)
and in the failure of the species from
cool and temperate habitats to survive
there even when provided with ample
water. In addition to its direct effect on
the metabolic machinery and on the rate
of all enzymic reactions, high temperature also causes a very high evaporation
demand, unless the water vapor pressure
of the air surrounding the plant is also
very high. This is "hardly ever the
case in very hot terrestrial environments; in the hot, arid Death Valley,
where leaf and air temperatures often
reach or even exceed 50°C, the vapor
pressure difference between the leaf intercellular spaces and the air frequently
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Fig, 90. Growth of a Tidestromia oblongifolia seedling in the Death Valley garden during a 28
day period (May 17, left, and June 16, 1973, right). The mean daily maximum temperature during this period was 43.5 ' CJ (110°F) and the maximum temperature was50°C (122 °F). This species
l- unable to mow in the cool Bodega Head garden.

DBPARTM

E NT

O P

P L A N T

757

B IO L 0 G Y

Fig. 91. Photographs of the same Death Valley clone of A triplex hymenelytra in the Bodega
Head (left) and the Death Valley (right) gardens. The pictures were taken on August 6 and August 16, respectively.

exceeds 100 mbar. Experiments designed
to separate the effect of high temperature
in inducing water stress from its direct
effect on metabolism are therefore impracticable to conduct in the field and
must be made in controlled-growth facilities where a high temperature regime
can be combined with high water pressures in the surrounding air. Such experiments are now in progress (see following article).
This investigation is in part conducted
in collaboration with the National Park
Service. We gratefully acknowledge the
cooperation and support of the National
Park Service personnel and of Mr.
Michael Prather and Mrs. Nancy
Prather in the Death Valley National
Monument and the personnel at the
Bodega Marine Laboratory. Financial
support to this work was provided by
National Science Foundation grants
GB35854X1 and GB35855X1 to 0.
Bjorkman and H. Mooney.

AN ANALYSIS OF THE TEMPERATURE
DEPENDENCE OF GROWTH UNDER
CONTROLLED CONDITIONS
Olle Bjorkman, Bruce Mahall, Malcolm Nobs,
William Ward, Frank Nicholson, and
Harold Mooney1

On the basis of the growth responses
obtained in the Death Valley and Bodega
Head transplant gardens, 4 out of the
17 species tested there were selected for
further detailed comparative studies of
productivity under contrasting thermal
regimes. These species will also be used
as the principal materials in our subsequent investigations on the mechanisms
underlying the striking differences in the
ability of plants to grow in contrasting
thermal environments. The species
chosen for these studies are Atriplex
glabrhiscula , A. sabulosa. A. hymenelytra, and Tidestromia oblongifolia. The
1 Department of Biological Sciences. Stanford
University, Stanford, California.

7;^s
Ca species A. glabriuscula and the C4
species -I. sabulosa. both native to cool
oceanic habitats, had very high productivities in the Bodega Head transplant
garden but were unable to grow during
the summer in the Death Valley garden.
In contrast, T. oblongifolia (C4) was
the only species which was unable to
grow in the Bodega Head garden and
also the only species whose growth in
the Death Valley garden occurred primarily during the period June— September, the hottest months of the year.
Indeed, its growth rate during this time
was remarkably high. .4. hymenelytra
(C4) represents the group of plants
which is intermediate between these two
extremes. It is capable of growing in
both gardens, but although it retains its
leaves and at least some metabolic
activity even during the hottest part of
the summer in Death Valley, most of
its growth, both under irrigated conditions in the garden and in its natural
habitats, occurs during the milder part
of the year. Since these four species will
be used extensively in our future investigations, afew comments on their taxonomy and distribution may be appropriate here.
A. glabriuscula Edmonston {= A.
patvla ssp. glabriuscula Hall and Clements) is an annual plant commonly found
in cool oceanic climates on the coasts of
northwestern and western Europe and
on the Atlantic coast of North America
from Newfoundland to New England,
where it usually forms prostrate mats in
the supralittoral belt of exposed cobble
or sand beaches (Taschereau, 1972). It
extends into the Arctic (to 70° N.L.)
on the west coast of Scandinavia. The
plant- used in the present studies were
propagated from seeds collected from a
population growing in coastal strand
close fo Swansea on the west coast of
Wales. A. glabriuscula, together with
the cosmopolitan species A. triangularis
Willdenow
f= A. hastata
L. = A.
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patula ssp. hastata Hall and Clements),
and several other littoral Atriplex species form a taxonomically closely related
group of polymorphic species with the
same chromosome number. Many of
these species have been shown to be
interfertile and to form spontaneous
fertile hybrids (Gustafsson, 1973).
Atriplex sabulosa Rouy (= .4. laciniata L, = A. arcnaria Woods = A. maritima Hallier) is an annual plant with a
similar but somewhat less wide-ranging
geographical distribution than A. glabriuscula. A. sabulosa is a fairly common species along the coasts of northwestern Europe. It has been reported as
far north as 60° on the west coast of
Norway; in North America it is confined
to sands bordering the Gulf of St. Lawrence. A. sabulosa is frequently associated with A. glabriuscula but is restricted to the epilittoral belt where it is
often partially covered with Zostera
marina and Fucus sp. (Taschereau,
1972). The growth habit is decumbent
with wide-spreading, ascending lower
branches. The plants used in this study
wrere derived from seed collected on
coastal strand close to Les Pieux on the
coast of Normandy. Although A. sabulosa has C4 photosynthesis and a welldeveloped Kranz anatomy, it is generally placed in the same section as A.
glabriuscula, which is a C3 plant.
Atriplex hymenelytra (Torr.) Watson
is limited in distribution to the desert
areas of southwestern North America. It
extends from southern Utah through the
Colorado, Mojave, and Sonoran deserts
to Baja California. This erect, 1-2 m
tall, intricately branched perennial shrub
with silvery leaves commonly occurs in
dry alkaline slopes and washes mostly
below 600 m elevation and is often associated with Larrea divaricata (creosote
bush). On the Death Valley floor it is
also often associated with Tidestromia
oblongifolia. A. hymenelytra, a C4 plant,
is usually placed in a different subfamily
than A. glabriuscula and A. sabulosa.
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Tidestromia oblongifolia is limited in
distribution to low desert areas in southwestern North America. It occurs in dry
sandy or gravelly places such as washes,
often in association with A. hymenelytra.
It is very common on the floor of Death
Valley where the seeds used in this study
were collected. This perennial, an erect
to decumbent herbaceous sub-shrub,
reaches about 75 cm in height and 150
cm in diameter. It is a C4 plant belonging to the Amaranth family.
Seeds of these four species were sown
and germinated in a mixture of equal
parts of vermiculite and sand in controlled growth chambers. Pretreatment
for at least one week in water at 4°C was
required for germination of the seeds of
A. glabriuscula and A. sabulosa. With
A, glabriuscula, scarification of the seed
before the cold treatment was also required. Seeds of A. hymenelytra and T.
oblongifolia . germinated readily without
any pretreatment. Germination and
early seedling growth of all species except
T. oblongifolia was carried out at 23 °C.
T. oblongifolia germinates very slowly,
or not at all, at this temperature. With
this species germination and early seedling growth was carried out at 33 °C. In
order to permit selection of highly uniform seedling populations for the subsequent growth analysis studies, 500 to
1000 seedlings of each species were prop-

agated and 200 of these were potted in
perlite and transferred to growth chambers which were initially kept at regimes
of 25° day/1 7° night and 30° day/20c
night. The temperature regime of each
growth chamber was then gradually increased or decreased during a one-week
period until the final regimes; (which
ranged from 16° day/110 night to 45°
day/31 ° night) had been reached. The
plants were then kept from 3 to 5 days
under each final regime prior to the first
harvest. Subsequent harvests were made
at intervals of 5, 7, or 8 days. Five to 10
individuals from each species and treatment were harvested each time. The
plants were then separated into leaves.
blades, roots, and other organs; the leaf
areas were measured; and all components
were then oven dried at 90°C and
weighed.
Temperature regimes simulating those
prevailing during the summer in the cool
coastal environment at Bodega Head and
on the hot floor of Death Valley were
procured in the newly constructed, naturally illuminated growth chambers
(Year Book 72, p. 397). The quantum
flux of the natural light on a horizontal
plane inside the growth chambers was
continuously recorded. The average
daily course of light and the daily course
of temperature are shown in Fig. 92. The
temperature was kept constant at 11CC
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Fig. 92. Daily courses of light (quantum flux) and temperature in the naturally illuminated
growth chambers. The quantum flux values are averages for the experimental period.
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Fig. 93. Effect of the two contrasting temperature regimes on growth in Atriplex glabriuscula
(C3). A. sabulosa (d), A. hymenelytra (d), and Tidestromia oblongifolia (C4). Photographs were
taken 22 days following the experiment. The light and temperature regimes are depicted in Fig. 92.

("cool") and 31 CC ("hot") for 8 hours
< luring the night. Shortly after sunrise
the temperature was gradually increased
during a 4-hour period to 16°C ("cool")
and 45' C ("hot"). It was then kept constant at these levels for 8 hours, after
which it was again gradually decreased
to 11C ("cool") and31°C ("hot") dur_ a 4-hour period. The CO^ concen' ration was continuously controlled and
kept at 325 ± 4 ppm during the light
period. In order to minimize water stress
in the high temperature chamber the
humidity was maintained at the highest
: practicable (65 ± 5% R.H.). This
accomplished by steam injection. To
ensure an ample supply of water and
nutrients to the roots, nutrient solution
from a large tank, kept at the same temperature a.- the plants, was fed from
above to each individual plant 3 to 6
times daily.
Excess solution was re-

turned to the tank. The nutrient solution in the tanks was completely replaced with fresh solution at weekly
intervals. Because of the high wind
speeds (2—5 m sec"1, horizontally) used
in these growth chambers, the air temperature variation over the growing
areas could be kept within 1°C and the
temperature of the leaves within 2°C of
the air temperature.
The growth responses of the four
species under these two contrasting temperature regimes are illustrated in Fig.
93, which shows representative individuals on the 22nd day after the initial
harvest. Under the low temperature
regime the two coastal species A. glabriuscula (C3) and A. sabulosa (C4)
showed normal development and rapid
growth. Their growth habits closely resembled those obtained in the Bodega
Head garden as well as in their native
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9. Total Yields (g Dry Matter /PI ant) Obtained in a 22 Day Growth Period
under Two Contrasting Temperature Regimes*

Species
Atriplex glabriuscula (C3)
Atriplex sabulosa (C<)
Atriplex hymenelytra (C<)
Tidestromia oblongifolia (C4)

16 Day/1 1 Night
4.81)
3.64
2.97
0.54

±
±
±
±

0.25
0.46
0.41
0.32

45 Day/31 Night
0.02
0.07
1.62
17.73

±
±
±
±

0.05 (died)
0.04 (died)
0.15
0.80

*Yields have been normalized to an initial seedling dry wt. of 0.2 g. Day length was 13.25 hours
at the start and 14 hours at the end of the experiment. Average daily quantum flux (natural sunlight)
was 5000 microeinstein cm-2. The daily course of temperature is given in Pig. 92.

habitats. The Death Valley species A.
hymenelytra also grew well under the
low temperature and its growth habit,
characterized by large fleshy and essentially
horizontally
oriented
leaves,
closely resembled that obtained in the
Bodega Head garden. As was also the
case in the Bodega
Head garden, T.
oblongifolia showed
little or no net
growth; the few new leaves that developed were very small and heavily pigmented with betacyanin.
In contrast,
the growth of this species was very rapid
under the high temperature regime and
its growth habit was very similar to that
of plants grown in their native Death
Valley habitat. A. hymenelytra showed
significant but slower growth under the
high temperature regime and its growth
habit closely resembled that of plants
during the summer in Death Valley. The
two coastal species died within 10 days
after the temperature was raised from

dry weight was statistically insignificant.
In the hot temperature regime, T. oblongifolia showed a remarkable 90-fold
increase, while in A. hymenelytra there
was only a 9-fold increase. No increase
took place in the two coastal species before they died.
Figure 94 shows the course of dry matter production, the allocation of total dry
matter to the leaves, and the ratio of
leaf area to leaf weight during the 22-day
period. Such data permit a separation
between the direct effects of temperature
on photosynthetic productivity, respiratory loss, and other intrinsic growth processes on the one hand, and on the other
hand, the indirect influences on growth
caused by effects of temperature on the
relative development of the plant organs
and by differences between species in
this development.
As shown by the logarithmic plots of
dry weight as a function of time (Fig. 94.

40 to 45°. However, they were able to
survive at a temperature regime of 40°
day/30° night.
The total yields in grams of dry matter produced per plant during the same
22-day period are given in Table 9. In
order to facilitate a comparison, the resuits have been normalized for an initial seedling dry weight of 200 mg which
is the approximate average weight of the
different seedlings. In the cool regime,
A. glabriuscula, A. sabulosa, and A.
hymenelytra increased their dry weights
25-, 19-, and 16-fold, respectively,
whereas in T. oblongifolia the gain in

top), growth was not strictly exponential
during the experiment but the relative
growth rate (the daily dry weight gain
per dry weight of plant) tends to decline
with time, with the exception of T. oblongifolia in the low temperature regime,
where growth was extremely slow. This
decline in growth rate is fully accounted
for by a decreasing allocation of photosynthate to the leaves (Fig. 94, center).
This is due to an increase in the allocation to the stems, and in .4. sabulosa. also
to the reproductive organs. This species
started to flower as early as the first
week of the experiment. Allocation to
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the roots decreased markedly with time these are necessary
supportive organs,
in all species mot shown), but this was their photosynthetic contribution is innot sufficient to compensate for the in- significant in these species. The ratio
creased allocation to the stems. While of leaf area to leaf dry weight also tends

10
Time

20
0
10
from initial harvest, days

Fig. 94. Time course of dry matter production (fop), allocation of dry matter to the leaves (center), and the ratio of leaf area to leaf weight (bottom) during a 22-day growth period in Atriplex
glabriuscula, A. sab dosa, A. h i/menelytra, and Tidestromia oblongijolia under the cool (left) and
not bright) tr-rnj ■< rature regimes. Conditions were as given in Pig. 92.
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to decline with time in all four species.
However, under the conditions of this
experiment, where the light intensity was
high for most of the day, it is unlikely
that this would have any important influence on the rate of photosynthesis per
unit dry weight of plant and hence on
relative growth rate (RGR).
When the changes in allocation to the
leaves which took place during the experiment are taken into account and the
growth rates are expressed on the basis
of leaf dry weight (daily net gain in total
dry weight per gram of leaf dry weight) ,
the growth rates remained nearly constant throughout the experiment. T. oblongifolia grown in the low temperature
regime is an exception. During the first
one or two weeks after transfer to the
cool regime this plant continues to grow
at a slow but measurable rate, but when
kept there for longer periods growth rate
ceases completely. This obviously cannot
be attributed to a change in the ratio of
leaf to total plant weight and must be
caused by a low temperature inactivation
of one or several biosynthetic processes
that are essential to maintaining the
vital functions of the plant.
The mean daily growth rates (RGR)
of the four species are compared in Fig.
95 (top). Under the cool regime, the
three Atriplex species have growth rates
of about 15% per day, a high value in
comparison with those reported for other
cool temperate plants including highly
productive crop plants. Under the high
temperature regime A. hymenelytra had
a growth rate of 10% to 11% per day,
while T. oblongijolia had a rate of 26%
per day, that is, this extraordinary plant
doubled its dry matter content in three
days.
The allocation of dry matter to the
roots was surprisingly similar in the two
temperature regimes and also among the
three species, A. glabriuscula, A. hymenelytra, and T. oblongijolia. In these
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Fig. 95. Mean daily growth rate during a 22day period under the cool (open bars) and hot
(shaded bars) temperature regimes in Atriplex
glabriuscula (C3). A. sabulosa (O. A. hymenelytra (GO, and Tidestromia oblongijolia (C*).
Growth rates are expressed as daily gain in dry
weight in grams per gram of total plant dry
weight (top), per gram of leaf dry weight (center), and per dm2 leaf area (bottom). Conditions were as given in Fig. 92.
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species the allocation to the roots was
within the range 20% to 25%, whereas in
A. sabulosa it was only 10% to 12%.
The allocation oi dry matter to the
leaves was greatest in A. hymenelytra
-70\ '. There was only a small
effect oi temperature regime on the allocation in this species.
The two coastal
species were also similar in this respect,
but under the hot regime a markedly
smaller fraction was allocated to leaves
in T. oblongifolia than in A. hymenelytra (379$ and 60%, respectively, at the
end oi the 22-day period). Thus, the
differences in relative growth rate (RGR)
between these two species cannot be accounted for by differences in allocation
of dry matter. As shown in the center
and lower parts of Fig. 95. the differences
in growth rate among the four species and
between the two temperature regimes
become even more pronounced when
growth rate is expressed on a leaf weight
basis (ULWR) or on a leaf area basis
il'LARi instead of a total plant weight
basis (RGR). It is noteworthy that the
ULWR and ULAR values (also termed
"net assimilation rate" by many authors)
for the coastal C4 species A. sabalosa in
the cool regime are at least as high as
those for the coastal C3 species A. glaiscula. A. hymenelytra, the only one
of the four species that is able to grow
under both temperature regimes, has
■r ULWR and ULAR values than the
two coa>tal species under the cool regime
and lower values than T. oblongifolia
under the hot regime. On the average,
each leaf of the latter species produces
nearly one-half as much dry matter per
day as it contains.
The above experiments show the performance of the four species under
extreme thermal regimes. In order to
determine the growth response to temperature in the range between the two
extremes used in these studies, another
series of experiments was conducted
under several temperature regimes. The
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methods used were similar to those described above, but the plants were grown
in growth cabinets using artificial light
(from high intensity fluorescent lamps)
the intensity of which was kept constant
at 40 nanoeinstein cm-2 sec-1 throughout
the 14 hour light period. This quantum
flux is only about 20% of the average
noon intensity obtained in the naturally
illuminated growth chambers, but the
daily quantum flux (2000 microeinstein
cm-2 day-1) is equal to 40% of that in the
naturally illuminated chambers. Day
temperature was kept constant throughout the 14 hour light period, and night
temperature was kept constant throughout the 10 hour dark period. The relative humidity of the air was within the
range 50% to 70%.
The response of growth to the various
temperature regimes in A. glabriuscula ,
A. sabulosa, and T. oblongifolia is
shown in Figs. 96 and 97. Similar experiments with A. hymenelytra have not yet
been completed, but preliminary data
indicate that optimum temperature for
growth in this species is about 30°C. The
growth rates, shown in Fig. 97, represent
means of the rates obtained from three
consecutive harvests of each species at 5
day intervals. To facilitate a comparison of the species, growth rates were
plotted as percentages of the rate at the
optimum temperature for each species.
Interestingly, these optimum growth
rates (RGR) were similar and surprisingly high for the three species: 0.27,
0.24, and 0.28 g/g dry weight/day, for
A. glabriuscula, A. sabulosa, and T. oblongifolia, respectively. In both of the
coastal species the highest growth rate
occurred under the 25° day/ 17° night
regime, and the temperature dependences
of these two species were very similar
over the whole range of temperatures. In
contrast, in T. oblongifolia the maximum
growth rate occurred under the hottest
temperature regime, 44° day/30° night,
and the rate fell steeply with decreasing

765
DEPARTMENT

OF

PLANT

UIOLOOV

Fig. 96. Effect of temperature on growth in Atriplex glabriuscula (left) and Tidestroniia oblongifolia (right). Photographs were taken 22 daj^s following the start of the experiment. The light
period was 14 hr per day with a quantum flux of 40 nanoeinstein cm-2 sec-1 (or 2016 jueinstein cm":
day"1).
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Differences in the effect of temperature on the allocation of dry matter to
the leaves were small; in all three species
this allocation consistently decreased
with increasing temperature. The maximum difference in allocation between the

20
30
Day temperature,

40
C

Fig. 97. Daily growth rate as a function of
•'•mj^erature in Atriplex glabriuscula (CO,
A. mbulosa (CJ. and Tidestromia oblongijolia
(C«). Growth rates are expressed as daily gain
in dry weight in grams per gram of total plant
dry weight (top) and per gram of leaf dry
wright (bottom). The light period was 14 hr
per day with a quantum flux of 40 nanoeinstein
cm"* sec"1 (or 2016 peinstein cm"2 day-1). Night
temperature was two-thirds of the day temture in each regime.

temperature below 36° day/25° night.
A.s in the experiments under natural light,
the two coastal species were unable to
grow under the 44° day/30° night regime, and T. oblongijolia showed little
or no growth under the 16° day/10°
night regime. The growth rates of the
two coastal species under the coldest regime were about 70% of the maximum;
they were almost the same as in the experiments under natural light. It is thus
clear that all three species arc capable
of attaining very high growth rates; the
main difference between T. oblongijolia
and the two coastal species is in the
temperature dependence of growth.

coolest and the hottest temperature regime for any one species was generally
about 10% to 15%. This clearly shows
that differences in the temperature dependence ofgrowth among the species are
in no part attributable to differential effects of temperature on allocation. As
shown in the lower part of Fig. 97, the differences inthe temperature dependence of
the growth rate are even more pronounced
when it is expressed on a leaf dry weight
(ULWR) rather than on a total plant
weight basis (RGR). The temperature
dependences of growth on a leaf area
basis (not shown) are similar to those
on a dry weight basis.
Conclusions
In these comparative growth experiments temperature was the only experimental variable. All other factors, including those which in addition to temperature may show important differences
between the two contrasting types of
habitats, represented by the cool coastal
Bodega Head and the hot desert floor of
Death Valley, were kept constant. This
includes the supply of water and nutrients which were kept at high and nonlimiting levels. Other environmental
stresses that may differ between the two
habitats, such as excessive wind speeds,
salt spray, plant parasites, and other
predators were completely eliminated.
Nevertheless, the growth responses of
the different species to the simulated
Bodega Head and Death Valley thermal
regimes closely resembled those obtained
in the two transplant gardens. This
shows that the widely different abilities
of these species to grow in these con-
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trasting natural environments are primarily due to intrinsic differences in the
temperature dependence of growth.
Under the 16° day/11 ° night regime,
simulating a cool coastal environment,
the daily growth rates of coastal Atriplex
glabriuscula and A. sabulosa were as high
as 65% to 75% of the rate at the optimum temperature for growth, whereas
the summer-active Death Valley species
Tidestromia oblongifolia was incapable
of sustained growth. In this plant the
45° day/31 ° night temperature regime,
simulating the summer in Death Valley,
is at or very near optimum for growth,
but it is lethal to the coastal species. Interestingly, the daily growth rates under
optimum conditions for each species are
very high (24% to 28% per day) in all
three species. Thus it is the temperature
dependence of growth, not the maximum
capacity that differs among them.
Allocation to the leaves and other organs showed a surprisingly similar temperature dependence in all the species.
Consequently it is not even in part responsible for the different temperature
dependences of growth. Daily growth
rates based on leaf biomass show even
greater differences in temperature dependence between the species than those
based on total plant biomass. The contrasting interspecific responses of growth
to temperature regime must therefore be
the result of intrinsic differences in the
temperature dependence of primary
growth processes. One would expect that
both the temperature stability of membranes and other constituents and the
temperature dependence of photosynthesis and perhaps also the activities of
other biosynthetic processes are involved.
Detailed comparative studies of the
photosynthetic and respiratory characteristics of Tidestromia oblongifolia and
the three Atriplex species are now in
progress.

Finally, in view of the results of the
present study, we wish to comment on
the adaptive significance of C* photosynthesis. Previous comparative studies
of photosynthesis have provided strong
evidence that the C* pathway provides a
mechanism which increases the efficiency
of photosynthesis under high light intensities, high temperatures, and Limited
water supply. There is also evidence that
this pathway has evolved polyphyletically in hot arid environments, and C4
plants predominantly occur in such environments. This has been interpreted
by some authors to mean that the C4
pathway would be inferior to the conventional C3 pathway in cool environments and conversely that all C4 plants
are superior in hot environments. It is
evident that the C4 species A. sabulosa
is highly efficient at low temperatures and its temperature dependence for growth is very similar to
that of the other coastal species. .4.
glabriuscula, a C3 plant, but it lacks the
superior performance of the C4 plant
T. oblongifolia at high temperatures. In
the interpretation of the present authors
this is consistent with the conclusion
that the C4 pathway is an important
adaptive mechanism in hot environments, but it does not necessarily provide either a significant advantage or a
disadvantage in cool, moist environments
(Bjorkman, 1973). It is also obvious
that the adaptive advantages of the C4
pathway can only be realized if other
adaptative mechanisms that are essential for growth in hot environments are
also present.
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John H. Troughton, K. A. Cant: and C. H. Hcndir
In production
a • atun of plants is that the carbon
C l2C) oi the tissue is
ss than that oi atmospheric CO2, waiting that plants preferentially assimilate the lighter of the two isotopes
Ba< rtschi, 1953; Wickman, L952; Craig,
L954; Bender, 1968, 1971; Troughton,
ighton et al.j 1971; Smith and
si in, 1971 I.
The carbon isotope ratio is normally
asured by mass
spectrometry
and
the result
v\*h(
"

expressed

as

a

C l2C sample

—

I 13

C

l2C standard

813C

value

1

x 1000
T 1 standard 1- CO2 obtained from PeeB lemite from the Peedee Formation,
rp:
eous, South
Carolina,
as
ned by Craig (1957), and is referred
- th( PDB standard.
Bulk atmospheric CO2 has a 813C value of —6A(/(f
Keeling,
1957)
although
in forests,
ind other regions of high
• »sj tl • tic or respiratory
activity
and reduced
air circulation
the 813C
value may be significantly different from
normal air. Plant- have more negative

I

gineering Laboratory, Depart• ific and Industrial Res< arch,
Butt, New Zealand.
istry Department, University of WaiB ■_' Bamilton, N"< w Zealand.

81SC values than either the PDB standard or air, although there is a large variation in the 813C value of plants.
Several reports suggest there is a good
correlation between the 813C value of
plants and the carbon pathway of photosynthesis (Bender, 1968, 1971; Smith
and Epstein, 1971; Troughton, 1971;
Troughton, Hendy, and Card, 1971).
The project reported here was initiated
to test the hypothesis that C3 plants
showed greater discrimination against
S13C than C4 plants, after initial tests
indicated this was true for Atriplex
plants known to be C3 or C4 types
(Troughton et al., 1971; Osmond et al.,
1969).
It was important to substantiate the
correlation between carbon pathway and
isotope discrimination because of the
potential value of the isotope fractionation technique as a means of determining the carbon pathway in plants. This
technique would be valuable in plant
physiological studies, taxonomy, and
ecology. Furthermore, information about
variation in carbon isotope discrimination between plants has important implications for all carbon isotope studies
involving plants. This includes carbon14 dating, geological, and ground water
studies. We were also interested in the
phenomenon because it was a possible
method of investigating the cellular
mechanisms associated with the higher

TABLE 10. 8 C Values of the Seeds of Varieties of Several C3 and C4 Species
5WC Value of the Varieties (%0)

Specie
<
.

2
12.0

13.9

1 1.8
12.0

11.2

'
owe?

1
12.1

25. 1
(

20.8

27.0
20.8

3
12.0
10.0
27.9
29.7

4
12.0

27.2
28.3
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efficiency of use oi COj oi d compared
with Cj plants (Osmond et al. 1969).
Methods
Plant samples were obtained from
numerous sources including herbarium
samples, plants growing outdoors, plants
wing in controlled environments and
in well-ventilated glasshouses. A substantial Dumber oi the species were collected by one of us (CHH) from the
Talgai site in Queensland,
Australia,
ause oi their potential importance in
determining the age oi the Talgai skull
(Hendy et <//.. 1972). The initial objective was to determine the variation in
carbon isotope ratio that occurred among
plants. At this stage of the investigation
some of the variation between species
will be due to the conditions under which
they were grown or the part of the plant
analyzed, although the variation due to
these factors in either C3 and C4 plants
is likely to be smaller than the difference
ind C4 plants (Troughton,
1972 1.

The materia] was prepared for mass
strometry by burning the specimen
in a platinum boat in a stream of oxygen.
The gases were passed through a furnace
containing metallic silver and copper
oxide. Exc< ss oxygen was pumped away
CO2 had been collected in a liquid
oxygen trap. The CO2 was separated
from water and other condensable impurities bydouble fractional distillation
with a dry ice— alcohol mixture. The
samples were analyzed with a 6/60°
tor, double collector, double inlet,
ratio ma— spectrometer. The 813C was
calculated affording to the methods of
Craig f 1957) with corrections applied
for the contribution to mass 45 from 12C,
I I and ,70 and for mass discriminatory
effects iri the ma— spectrometer.
Resui/i The 518C values for the specimens examined during the present series of ex-
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periments are presented in Tables 10-15.
In several instances, the same species or
several varieties of the same species were
analyzed, but only the mean 81SC value
for the species was included in the tables.
Tables 10 and 11 indicate the variation in
813C value that can be expected between
varieties within a species. Subspecies of
Dactylis glomerata and Festuca arsendinacea are listed individually in Table 15.
The 813C values of all specimens were
more negative than atmospheric CO2.
One feature of all results was the pronounced bimodal distribution of 813C
values; one group of species had a range
of — 10 to — 19%o and a mean of
— 13.56%r and another group of species
a range of — 21 to — 36%o and a mean
of -27.76%0. The plants used in the
survey were not selected at random, and
therefore the number of plants occurring
within each group is not an indication
of the proportion of all species which
are likely to occur in either group. A
special attempt was made to include C4type plants, and this biased the distribution of the species.
The numerals included in Tables 12,
13, and 14 indicate (1) plants previously
reported to be C4 according to the list
of Downton (1971) and (2) plants
with S13C values indicative of the C4 or
C4-like pathway.
Plants in the survey that were known
to have the C4 pathway gave, without
exception, 813C values that were within
the group showing less discrimination
against 813C (mean 813C value of
— 14%o). Many other plants have been
established as being C3, and there were
no exceptions to the generalization that
these plants were in the group showing
greater discrimination against 813C
(mean 813C value of — 28%c) . These correlations between 813C value and carbon
pathway allow other 813C values of nonsucculent species to be interpreted in
terms of the carbon pathway, and reference is made in the table to species
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CAR

which can be predicted to have the C.t
pathway.
Included in the survey were many
succulents which wore oi interest because oi their potential for Crassulacean
\ id Metabolism (CAM).
Several spe- which were known to exhibit Crassulacean Arid Metabolism wore initially
chosen. These species included Bryophijllum
maculatd:
an Opuntia
sp.;

TABLE
Tribe
Lemnaoi
Liliao

Notkocactus mamniulosus; and

Species
L> mna minor

Phormium tenax

.1 . variegata
X Gasterolea beguinii
Ga8teria carinata
X Gasterhaworthis tegeliana
Ha worthis cuspidata
Haworthis sp.
Again amcricana
A gave sp.

Yucca sp.

Ananas sp.; and they gave 18C values
consistent with a C4-like metabolism.
Futhermore, several members of the
Cactaceae were tested and they all gave
818C values consistent with a C4-like
metabolism. This study was extended to
include a "primitive" member of the
Cactaceae, and an analysis of a Pereskia
sp. gave a 8VAC value of — 36%r. This re-

-TOO
32.8
-29.4
-29.4
-28.5
-32.8
-15.9
-24.3
-24.9
-16.4
-18.3
-26.5

-25.0
-12.5
-16.9 and
-15.3
-13.9
-13.3
-13.9
-23.9
-16.5
-22.5
-17.6

s,s

s
s

Bromelia<

.1 uauas sp.

-23.6

Ptiya alprslris
Pah,

Rh opalo8tyli8 sa /> ida

-15.7
-23.8
-28.2

< trchicUu

I'U a rat it ris ophiocephalus
Epidendrum ibaguense

-12.8
-13.7

Cijmbirliiim loirainum

Cyperus eragrostis

('. rat urn! us

C. ".la la Ins

Car ex -p.
SdrpUS i r a sins
fi n i nuns

Gahnia lacera

s,
2
2

2
2
2
2
2

2

Zingibt r sp.

-12.1
-25.0
-28.7
-30.5
-26.9

s,

2

2

Zingibera<

s, s,
s,
s,
s

References*

-26.5

-13.7
-25.4

Table 12.

an

CAM (C)
Succulent
(S) or

Cordyline australis
A lot juvenna
A . miUotii
A . aristata
A . arbor escens Mill.

'

1 X S T 1 T VTION

13. 8**0 Values of the Monocotylcdoneao
(Excluding the Graminae)
S18C Values
-33.6 ,

Bulbiru bulbosa
BuffnneUa modesta
Bowiea volubilis
Asparagus plumosa vana
A . sprengeri
/'<>, Uniizia rubriflora

\_- vaceae

N K 0 1K

2

2

1,2

s

c
c

c
c
c
c
c
c
s
c
s
c
s
c

c
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suit suggested the possibility of an
evolutionary trend from an apparently
C^-like metabolism to a C4-like metabolism.

urements. The carbon isotope ratio
unequivocally suggests the carbon in the
plant is derived via the Cg mechanism.
Discussion

Several other succulent plants were
analyzed and these gave 813C values
consistent with the C:i-like metabolism.
They included Disphyma sp., Drosanthemum floribundum, Sedum acre, and
Zygocactus truncatus. The most significant variation within one species was
Aloe arborescens Mill. A sample growing
outside in the winter of 1971 in Wellington gave — 25.0%, but material from the
same species previously shown to be
CAM by biochemical techniques yielded
a value of — 16.9/^ (Denius and Hornman, 1972). Bender et al. (1973) recorded a value of — 24.5%o for this species. These results of variability in 13C
value among CAM plants are in agreement with other workers (Osmond et al.,
1973; Bender et al., 1973; Lerman and
Queiroz, 1974).
Smith and Epstein (1971) had previously shown that Philadelphus microphyllus had a 813C value of —17.1%o, but
measurements on three Philadelphus sp.
in this study yielded values consistent
with a C3 metabolism. Similarly, Smith
and Epstein (1971) reported a C4-like
S18C value for Welwitchia mirabilis.
Seeds of three gymnosperms had also
been measured in this laboratory, but the
results gave C8-like values. These were
Welwitchia mirabilis, — 22.3%r ; Gnetum
gnemon, — 27.3%o; and Ephedra niridis,
— 24.7/^r. A sample of tissue from a
Welwitschia plant gave a value of
-27.1%*.
The carbon isotope ratio for Mollugo
verticillata wTas — 24.0%o. This result
was of special interest because it has
been speculated that this species may
be a hybrid between a C3 and a C4
plant (Kennedy and Laetsch, 1974). The
evidence that M. verticillata was a hybrid came from anatomical, C02 compensation point, and biochemical meas-

The main

feature of the results

was

the pronounced bimodal distribution of
S13C values for the plant species investigated, which confirmed previous results
and further supported the correlation between carbon pathway and the extent of
carbon isotope discrimination (Bender.
1968, 1971; Smith and Epstein. 1971:
Troughton,
1971; Troughton et al.}
1971).
These experimental results support the
use of the carbon isotope technique as
a reliable method of distinguishing between C3 and C4 plants as shown in
Table 15. The technique has many useful features, of which two are described
below.
Nonphotosynthetic parts of the plant
can be used for analysis. In maize the
values for a leaf, a seed, and pollen on
the same plant were — 11.4#f, — 11.2-rr
and —12.1%c (Troughton, 1971). Lowdon and Dyck (1974) have found that
corn kernels were about L6%< lighter
than leaves on the same plant. In a
potato plant the value for a leaf was
— 30.0%* and for the tuber, — 27.7', r
(Troughton, 1972).
The measurement can be made on
samples as small as 1 mg dry weight of
carbon, and it is a relatively rapid procedure. Dead organic carbon from
samples as small as 1 mg can be used.
A possible cause of the variation in
isotope ratio within either of the two
groups is variation in the carbon isotope
ratio in the atmosphere. Keeling (1961)
has shown that there is a diurnal variation in S13C values in atmospheric CO?
in forested regions which correlates with
the anticipated diurnal variation in
photosynthesis. Furthermore, there is
seasonal
variation
in carbon
isotope

7
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TABLE

Andropogoneae

Species
A lopecurus pratetisis
Phleum phleoides
Polypogon wonspeliensis
( 'ymnopogon refract us
Tmperata chcscmanii
I. cylindrica
Saccharum officinarum
So ahum halepense
S. Sudanese X rulgare
S. rulgare

Aristidt

Aristida annate

Anwdineae

A >■ undo donax
Phragmites communis

AvtM.

Bambuseae

-30.4
-29.5
-27.5
S13C Values, %0
-11.9
-12.8

14. 8**C Values of the Grammar

Tribe

Agrostkleae

A rrhenatherum elatus
Avena saliva
Deschampsria chapmani
Hole us lanatus
Trisetum antartictium
Bambusa eutulmdes

-12.2
-10.6
-12.4
-12.6
-12.4

-14.4
-29.4

1,2

-29.7
-22.7
-27.3
-31.4
-28.2
-28.5
-30.6

-26.2

Brachy podium phoenicoides

Bromeae

Browns catharticus
B. diandrus
B. tectorum

-15.0
-16.5
-14.0

Chlorideae

Chloris gayana
C. ventricosa
C. virgata

-15.6

( tortaderieae

Chinochloa rigida
Cortaderia fvlvida
C sHloana

Danthonieae

X otodanthonia gracilis

Eragreeteae

Eragrostis cilianenis
E. parviflora
Briza maxima
B. minor
Dactylic glomerata
I), glomerata ssp. aschersoniana
J), glomerata esp. glomerata
I J. glomerata ssp. himalyensis
I), glomerata ssp. Hispanic
Feet u ea a r u ndinacea

/■'. arundinacea ssp. glaucescens
i . arundinacea ssp. letourneuxiania
Glyceris
Lamarckia'maxima
aurea
Lolium Bp
Melica aUissima
J ' ucci n ettia distans

2
2
2

-29.5

Brachypodieae

Cynodon dactylon

References*

1,2
1,2
2

-26.9
-26.2
-30.2

Phyllostachys bambusoides

( hlorideae

INSTITUTION

-2
-26.
8.15
-25.9

21,2
2
1,2

-28.9
-15.4
-16.8

-28.9
-30.3

-22.9
-22.9
-23.6
-25.0
-23.1
-24.5
-23.6
-25.6
-28.5
-30.6

-30.4
-28.2
-28.5

2
2
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Hordeae
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14. Continued

Species
Agropyron intermedium
Hordeum jubatum
Nardus strictus
Secale cereale
Aegilops squarrosa
Triticum boeoticum Boiss. emend schiem
T. dicocium schub.
A. spelta
T. aestivum

-28.3
5«C Valu
es;,
-32.
0 %0
-20.3
-28.6
-34.3
-34.3
-29.3
-33.2
-30.4
-27.5

-12.6

-29.5

Isachneae

Isachne globosa

Maydeae

Zea mays

-28.1

Milieae

Milium effusion

-11.5
-12.5

Oryzeae

Microlaena avenacea

Paniceae

Cenchrus calycalatus
C. ciliaris
Digitaria sanguinalis
Echinochloa crus galli
E. frumentacea
Oplisemenus imbecillus
Panicum coloratum
Paspalum dilatatum
P. distichum
P. notatum
P. paspaliodes
P. pumilum
Pennisetum macrourum
Setaria italica
S. sphacelata
S. viridis
Spinifex hirsutus
Stenotaphrum secundatum

Perotideae

Perotis rara

Phalarideae

Phalaris canadensis
P. minor
Hierochloe redolens

Sporoboleae

Sporobolus elongatus

Stipeae

Oryzopsis miliacea
Stipa venticillicita

Zoysieae

Zoysia minima

Reference! *

-14.6
-16.2
-15.2
-27.4
-12.2
-12.9
-13.9
-12.1
-13.2
-12.1
-12.5
-14.4
-13.9
-13.4
-12.7
-15.1
-15.7

-27.6
-27.6
-28.9

1,2

2
1,2
1,2
21,2
1,2
1,2
21,2
2
2
1,2
1,2
21,2
2
2

-13.4

-30.2
-25.7
-13.6

2

2

*See Table 12.

ratios which may also be related to
photosynthetic activity (Bolin and
Bischof , 1970) . Similar seasonal trends
in the S13C value of trees and grass have
also been shown to occur, the trend being
from high values in the spring to low
values in the fall (Lowdon and Dyck,
1974).

Although a general correlation can be
drawn between C3 and C4 plants and
their carbon isotope ratios, it has not
been possible to quantitatively account
for the difference in 813C value in plants
or between plants with the different
photosynthetic pathways. Photosynthetic reactions have often been proposed
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TABLE

Dicotyledons
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15. Variation in Carbon
Isotope Ratio among Photosynthetic Pathways
Is
of Higher Plants1
CAM
16.66 ± 5.35 (11)
14.10 ± 1.74 (17)
27.31 ± 2. SO (53)2

Monocotyledons
N • 4 rraminous
( rraminous

27. SS =b 3.34 (16)
28. 1 1 ± 2.55 (65)

12.89 ± 0.80 (3)
13.46 ± 1.55 (45)

Total

27.76 ± 2.75 (134)

13.56 ± 1.62 (63)

17.63 ± 4.45 (16)
17.63 ± 4.76 (27)

'Computation by Dr. J. Horry.
lumbers in parentheses refer to number of species in each group.

- B likely site oi fractionation (Park
and Epstein, 1960). There are, however.
discrepancies between the in vitro fractionation due to the carboxylation reactions anil the observed variation in the
ratio in plants as well as between
the temperature-dependence of isotope
tionation in vitro and the influence of
air temperature on the fractionation in
vivo.
Fractionation
during
respiration
is
ssible, but 813C values of C02 respired
in the dark generally give values close
to the leaf values for both C3 and d
plants "Park and Epstein, 1960; Smith
and Epstein, 1971 ; Table 16, this paper).
I I '_ production in the light may influthe S13C value of plant tissue by
fractionation during decarboxylation or
by reassimilation in photosynthesis.
It
- not been possible to evaluate completely either of these effects, but an
assess ent of their potential importance
TABLE

' -type plants
G
turn
Triiicum <n
Gabo)
including ear)
Pintu radiala
including Btem tissue)
■
Pa palum dilaiatum
Qomphrt
'/.■ n mays na globa a

has been made (Table 16). This preliminary assessment was made by collecting C02 respired by plants into approximately 100% 02 and low-C02
environment, and the results indicate
variations from the parent material
which may be primarily due to reassimilation ofC02. In C3 plants the S13C
value was less negative than the tissue
because some C02 was reassimilated by
a reaction which fractionated against
813C. If the same effect was occurring
in C4 plants, it is necessary to postulate
that the fractionation was against 812C,
as the isotope ratio of the evolved C02
was more negative than the tissue.
It is attractive to postulate that the
variable 813C value in plants with Crassulacean Acid Metabolism directly indicates the carbon in the plant that has
come through either the C3 or C4 pathway, but some of the problems involved
in this interpretation are outlined else-

16. Carbon Isotope Ratio of C02 Respired from Plants
S"C Value (%0)
Leaf
-3
1.3
-30.4

-25.7

-14.7
-15.7
-13.9

Dark-25C()2
.5

-21.6
-17.9
Light C02

-29.4

-14.9
-17.5
-15.7

-17.3
-20.0
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%0 and Beet, Sugar
17. Carbon Isotope Ratios&18C,
of Cane
Cane Sugar

Laboratory sucrose, analytical grade

Beei Sugjjr

-11.2
-12.7
— 1 1 .7, — 1 1 .0, — 1 1 .7, — 1 1 .1), — 1 1 .3

Cane sugar, source 1
Cane sugar, source 2

-20.9
-2
-23.
5.03
-25.1,-26.5
-24.0
-25.2

Confectionary beet sugar
Beet
Beet
Beet
Beet
Beet

sugar,
sugar,
sugar,
sugar,
sugar,

source
source
source
source
source

1
2
3
4
5

where in this Annual Report. Good
correlations have been obtained between
S13C values and dark CO2 fixation in
CAM plants, and in succulents where
the capacity for night C02 fixation has
been controlled by the photoperiod there
has been a good correlation between induction of PEP carboxylation and a
high S13C value (Lerman and Queiroz,
1974).
Products derived from plants have
been observed to retain the S13C value of
the plant from which they are derived.
This was shown to be true for paper derived from wood and for tea leaves
(Troughton, 1971). Examination of cane
(C4) and sugar beet (C3) sugar also
shows this to be true (Table 17) . Laboratory sucrose gave values indicating it
was derived from sugar cane. Most cane
and beet sugar samples from numerous
sources confirmed the correlation between the sugar product and its plant
source. One beet sugar sample deviated
from that expected for a C3 plant, but
this may indicate that some mixing of
the two sugar types had occurred.
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John H. Troughton, K. A. Card,1 and 0. Bjorkman
Park and Epstein ( 1960) proposed and
stablished
that
photosynthesis
was
likely to be the most important reaction
determining the extent of carbon isotope fractionation by plants. Fractionation is most likely to involve the small
molecule C( >2 hi either the diffusion or
the carboxylation reactions of photosynsis. Measurements by Park and Epd 1 1960 1 indicated fractionation by
RuDP carboxylase in vitro could account
for lunch of the fractionation
in C3
plant-, while Whelan et al. (1973) sug_ -• the RuDP carboxylase reaction was
sible for all the fractionation in
I plants. The separation of the higher
plant kingdom into two categories on the
is of the carbon isotope ratio, when
correlated with the photosynthetic pathway, haa strongly reinforced the possibility that the carboxylation reaction is
likely site for the bulk of carbon
isotope fractionation by plant-.
•i'i Engineering Laboratory, Deand Industrial Research,
Private Bag Lower Hutt, New Zealand.

There are at present two discrepancies
which prevent complete acceptance of
the conclusion that the carboxylation reaction is the source of carbon isotope
fractionation in C3 and C4 plants. C4
plants have a mean S13C value of
— 14.1%o, but the in vitro determinations
predict a value of —8.9 to — 9.7%o (allowing a value of — 6.4%^ for the atmosphere with respect to PDB) (Whelan
et al., 1973). The difference of about
b%i betwreen in vitro and in vivo results
has been attributed to the proportion of
C02 directly entering the bundle sheath
cells and to the possibility that PEP is
not the primary recipient of atmospheric
C02 in tropical grasses (Whelan et al.,
1973). These possibilities have yet to be
tested quantitatively.
An apparent discrepancy for C3 plants
is between the in vivo temperature dependence of the 813C value of C:{ plants
and the temperature dependence of C02
fixation via RuDP carboxylase in vitro.
The temperature coefficient of the latter
reaction is well established, and an in-
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crease in 813C value for an increase in
temperature from 24 to 33.7°C of 1.2%.
per °C has been measured (Whelan et
al.f 1973). This result is in contrast to
values measured in plants which show
little variation in 813C value with temperature over the range studied by
Whelan and co-workers (Troughton,
1972).
The measurements reported here cover
a wide range of plant species, including
C3, C4, and CAM plants and a temperature range from 14 to 40°C. The plants
were grown in controlled environment
cabinets with air temperature, day and
night, constant to within 1.5 °C for any

one treatment.
Light level was; 250 ±
20 Wrrf2
(400-700
nmj ; humidity,
80 ± 10% RH; and the plants wen- in
perlite frequently irrigated with Headlands nutrient solution. Some species
would not grow at low temperature (e.g.,
Gossypium hirsutum). The carbon isotope ratios were determined as described
by Berry and Troughton (this Annual
Report) , with a constant correction of
— 4%o for the difference between CO* in
air in this region and that normally assumed for the bulk atmosphere
(— 6.4%c). Tissue taken for analysis was
new growth and after the dry weight of
the plant was many times the original

in C3, Ci. and CAM Plants
18. Temperature ( 'DC ± 1° C) and 513C Values
-31.7
-30.5
-30.5
Temperature
-28.5
-29.6
-24.8
Species
-29.7
26.6
14°C
20°C
-28.3
22°C
30.6
24°C
2
8.9
25°C
-2C3
Triticum aestivum
9.1Species
30°C
24.4
-25.5
35°C
-29.0
-28.7
-2
-29.4
6.1
-27.5
Atriplex hastata
-29.0
-30.8
-31.7
-25.3
-27.1
Oryza sativa
-30.8
-24.3
-28.2
-27.9
-24.6
-29.3
Radish
-25.5
-27.3
-26.7
28.2
-25.2
-24.2
Tomato
TABLE

-10.6

Gossypium hirsutum

Zea mays
Atriplex spongiosa

Portulaca grandiflora
Gomphrena globosa

-11.0
-11.7

-11.9

-13.6
-14.5

-11.3

Chamaecereus sylvestris
Aloe varigata
Haworthia sp.
Kalanchoe sp.

-14.7
-14.4
-21.6
-20.9

-11.4

-12.2

-10.6
-11.6

-11.7

-10.7
-

-12.4

Paspalum dilatatum

-10.8

- 7.4
-14.5 gcie
-1s4.2
-1C44.S9p.

-10.4
-13.2

-12.5
-11.6

-12.8

- 9.2
--1 7.9
6.2

-11.9
-15.4
-19.5
-23.1

9.8

CAM

-14.2
-14.6
21.6
Species
-25.9

-14.7
-15.9
-20.9
-22.1

--169.
.08
-16.6
-13.8
-14.9
-12.6
-10.6
-11.7
-14.0
-11.5
-10.5
-12.8
-11.1

-25.3

-29.5
40CC
-23.7
-28.9
-30.5
-27.4
-29.5

--119.
.67
-16.2
-18.7

-15.2
-12.7

-12.1
-14.4

-17.9
-16.4
-22.5

-20.7
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P'ig. 98. The temperature dependence of the 513C value for several C3, d, C.s-like CAM
like CAM species.

weight. The air flow through the cabinets was sufficient to prevent significant
depletion of atmospheric C02.
The results for all species are given in
Table 18. The difference in carbon isotope ratio between C3 and C4 plants is
readily apparent. The total range of
813C values among all C3 plants and all
treatments was 7.1%o, and for C4 plants,
11.7%©. However, there was no pro1 trend in values as a function of
temperature. The CAM plants fell into
two categories, those with C4-like 813C
values and those with C3-like values.
B • groups had values suggesting dark
( l •_■ fixation, but the expression of this
characteristic was different between the
TABLE 19. Linear Regressions for the Temperature <T. "C) Dependence of the *18C
Valu< - is Higher Plants
Plant T

c4
(

CAM
CAM

a)
b)

Regression Equation for
8 C Values in %0
: <' =
8 < * ==
>"(;
5"C =

-27.50
-11.06
-11
.80

84

-21.4

-0.01257'
-0.0407'
-0.1287'
-0.01807'

and d-

two groups. Some trend toward lower
813C values at higher temperatures was
apparent in the CAM (a) group. In the
other group there were no pronounced
trends.
To further analyze the data, the mean
S13C value was calculated for each temperature within the C8, C4, CAM (a), or
CAM (b) group; the results are given in
Fig. 98. Linear regressions were fitted to
the data and yielded equations given in
Table 19. Small effects of temperature
were detected, but they only suggest a
minor dependence of the S13C value on
temperature.
Further evidence for the independence
of the 813C value and temperature for
the C4 plant Tidestromia oblongifolia is
shown in Table 20. The plants were
grown under controlled environment conditions but with varying day night temperatures. Although the rates of growth
of the plants at the temperature extremes
were vastly different at day 15 from the
transfer to the new growth conditions,
there was no difference between the temperature treatments. Some residual effect
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TABLE 20. Temperature Dependence of the 5i:'C Values of Tideetromia oblongifolid

day/night (°C)
16/10
21/15
30/20
35/25
44/30

5
(0.06g)«

Time (days)2
-\
-12.
3 \)
JO .8
-13.6
-14.1
-14.3

-13.2

15

-14.1

-13.8
-14.3
-14.
1 (O.lg)
-14.20
2

-14.2 (5g)

-14.4, + 14.9 (O.lg)

2For conditions under which the plants were grown, see text.
2Time refers to the start of the plant growth at the final temperatures.
3Numbers in brackets refer to the dry weight of the plants at the harvests, which indicates new
growth occurred even at the extreme temperatures.

of pretreatment may account for the
small variation in S13C value at the 10th
day.
These results are in contrast to the predicted temperature coefficient of 0.36%c/
°C calculated from bond energies for
cellulose (Libby, 1972) which are presumably independent of the carbon pathway, and 1.2%o/°C measured for the
RuDP carboxylase reaction in vitro.
They are consistent with results previously reported for C3 and C4 plants
(Troughton, 1972; Year Book 71, p.
161). Smith et al. (1973) has observed
high S13C values of — 25%0 for some C3
plants grown at 14/6 °C day /night temperatures compared with — 29%o for the
same species grown over the range of
18/10°C to 30/22°C day/night temperatures.
The temperature coefficients of the C4like CAM plants is of interest because it
suggests that with increasing temperature
the relative importance of C02 fixation
via the PEP carboxylase reaction declines or the stomata are more open in
the daytime. Neales (1973a, 1973b)
has shown that with night temperatures
increasing from 15 to 36° C and
temperatures constant, there is
in night C02 fixation in Ananas
(L) Merr and Agave americana

with day
a decline
comozus
L.

of 14° to 40° C have been measured for
plants with the photosynthetic pathways
of C3 (six species), C4 (5 species), a C4like CAM (2 species), and a Co-like
CAM (2 species) . The temperature coefficients were — 0.0125/tc/GC (C3),
-0.046%o/°C (C4), -0.128%o/°C (C4like CAM), and — 0.0189/f,/°C (C3-like
CAM). The temperature coefficient of
the C4-like CAM plants would be consistent with the hypothesis that high
night temperatures would inhibit dark
C02 fixation. The same effect may occur in
the C3-like CAM plants, but it would not
have as significant an effect on the S13C
value of the plants which were already
apparently dependent on assimilation of
exogenous C02 via the RuDP carboxylase reaction.
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The temperature coefficients of the
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K. A. Cord: B. Mahall, and John H. Troughton
The carbon isotope ratio technique is
routinely used to distinguish between
plants with the C3 and t\ photosynthetic pathways. The reliability of the
method depends on there being no overlap in the isotope ratio between the C3
and d plants, but this would occur only
if the major influence on isotope discrimination in plants were genetic and
not environmental. Previous measurements oi the influence of temperature,
light level. CO2 concentration, and oxygen concentration showed these factors
did not appreciably affect the carbon
isotope ratio of CA or C4 plants (Troughton. 1972: Year Book 71, p. 158). In
I JAM plants, however, there is much
evidence that water stress and photoperiod may influence the isotope ratio,
presumably through influences on the
relative importance of dark CO2 fixation
to the carbon balance of the plant.
In ( JAM plants there has been evidence
that the isotope ratio could also be
altered by salinity (Osmond et al.,
1973i. NaCl has been shown to induce
dark ( 5( >2 fixation in Mesembryanthemv.ru mistdllumm (Winter and von
Willert, 1972), and in some halophytes
(M. crystaUinum and M. nodifiorum)
many fold increases in PEP carboxylase

activity could be induced by a salt treatment. Whereas foreshore dune halophytes responded to salt, salt marsh halophytes did not (Treichel et al, 1974).
We report carbon isotope ratios of
several C;< and C4 species grown in various levels of NaCl. The Zea mays,
Gomphrena globosa, radish, and Triticum aestivum plants were grown in controlled-environment growth chambers at
150W.nr2 (400-700 nm) light, 30°C day
and night, 12 hour day, and 80% RH.
Salt marsh plants, Spartina foliosa and
Salicornia virginica, were grown hydroponically in a glasshouse.
The carbon isotope ratios of all species
are given in Tables 21 and 22. Although
small variations in carbon isotope ratio
were observed, there were no pronounced
effects of these levels of the salt NaCl on
the carbon isotope ratio of these C8 and
C4 plants. These results further confirm
that the magnitude of environmental influences on the carbon isotope ratio in
plants is within the genetic variation
due to the C3 or C4 pathway for plants
grown under conditions where the carbon
isotope ratio of the atmosphere is known.
References
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TAHLK 21. Influence of NaCl -on9.95,:!C Values in Leaves of C8 and C4 Plants-10.4
5«C Value (%0)
oagl
Species
Zea mays (C4)
Gomphrena globosa C4)
Radish (Ci)
Triticum oei tit urn '

-10.Sol
mds
7 ution
-20.5

-30.0

H«

-10.0
-10.6
100 mM
-29.NaCl
6
-29.3

400

-10.9
-30.3
-29.NaCl
5
mM
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TABLE 22. Influence of NaCl on 5K,C Values of Leaves
of Glasshouse-Grown Plants
518C Val
ue (%c)

-31.5
200- mill
16.3

Species

-30n.7 of
C Concentratio
-15.7
400 tnM

-20.5
-16.2

NaCl

700 mM

Salicornia virginica (Linn.)
Spartina foliosa (Trin.)

Treichel, S. P., G. 0. Kirst, and D. J. von

carbon Dating, Govt. Printer, New Zealand,

P- 420> 1972Winter, K., and D. J. von Willert, Z. PfianzenTroughton, J. H., Proc. 8th Int. Con]. Radio- physiol., 67, 166, 1972.
Willert, Z. Pflanzenphysiol, 71, 437, 1974.
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AND
ATMOSPHERES

BY

C3

AND

"OPEN"

Joseph A. Berry and John H . Troughton
Introduction
There is considerable evidence that C3
plants discriminate between carbon isotopes to a greater extent than C4 plants
(Bender, 1971; Smith and Epstein, 1971;
Troughton, 1971). Plants with Crassulacean Acid Metabolism (CAM) may
discriminate as much as C3 plants or as
little as C4 plants — apparently depending upon plant and environmental factors
(Bender et al., 1973; Osmond et al.,
1973) . The site of carbon isotope discrimination and the reason for the difference between plants with the different
mechanisms of C02 fixation are likely
to be associated with the physical transport of C02 into the plant and the primary carboxylation processes (Park and
Epstein, 1960). Measurements in vitro
indicate that the primary carboxylase
of C3 plants Ribulose-l,5-diphosphate
carboxylase (RuDP Case) discriminates
to a greater extent than phosphoenolpyruvate carboxylase (PEP Case), the
primary carboxylation in C4 plants
(Whelan et al, 1973).
However, the difference in carbon isotope discrimination cannot result simply
from the presence of RuDP carboxylase
in some plants and its absence in others.

It is now generally accepted that this
enzyme is a universal component of the
photosynthetic systems of all higher
plants (Bjorkman, 1973). In CAM and
C4 photosynthesis, C02 is fixed into C4
acids by PEP carboxylase. This occurs
at night in CAM plants and during the
day in C4 plants. In CAM plants the
acids are stored in the cell until the next
day, and in C4 plants the acids are transported to an adjacent bundle sheath cell.
The acids are decarboxylated in the light
during deacidification in CAM plants or
in the bundle sheath cells of C4 plants.
In both C4 and CAM plants, C02 produced by decarboxylation is refixed by
RuDP carboxylase and enters the carbon
reduction cycle (Calvin cycle). Since
both carboxylase functions are in sequence, it is necessary to explain why
these plants discriminate less against
carbon- 13 than C3 plants, when it might
be expected that discrimination in C4
and CAM plants would be the sum of
discrimination due to PEP Case and
RuDP Case. Apparently, RuDP Case
does not cause additional discrimination
in C4 photosynthesis, and it may contribute a variable but not necessarily
additive component of discrimination in
CAM.
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In order for there to be a difference
between the isotope ratio oi carbon fixed
and that oi the source CO2 available for
carboxylation, one isotope must be preferentially excluded by the fixation mechanism. When plants fix CO2, the atmosphere i> both a COa source and a sink
for 1;VO_. discriminated against by the
plant. Since the volume of the atmosphere islarge, there will bo no short-term
effect oi isotope discrimination by the
plant on the isotope composition of the
atmosphere. This can be regarded as an
"open" system. However, the ratio of
' • ' »_ '-VU. in the atmosphere does
fluctuate through yearly cycles oi small
amplitude (Vogel and Lerman, 1969)
which may be related to seasonal effects
on the growth of plants. If 13C02 excluded by the enzyme does not escape
from the site oi fixation, it will accumulate and the tendency of the enzyme to
- riminate against l;'CO- may be overcome by a greater abundance of that
isotope. It can be argued that, if the reaction occurs in a closed compartment
and the ( 5( h is quantitatively fixed (C02
is generated internally and cannot ese), the isotope ratio of the carbon
fixed by RuDP
carboxylase would be
ted to be the same as that of the
2 source. Since the CO2 used by RuDP
1 se in C| plants 1 Berry et a!., 1970)
and CAM plants (Kunitake and Saltman. 1958 1 is derived from oxaloacetic
or malic acid which is formed by carboxylation of PEP. and since the latter
•ion occurs in an open system, the
tio of the carbohydrate formed
could reflect only the discrimination of
initial C02 fixation process (the
transport of C02 into the leaf and the
boxylation step). This argument is
based on deductive reasoning: Neither
sic premise that a closed compartmentation would prevent isotopic discrimination nor the existence of such
compartmentation within tissues which
have CAM or C* photosynthesis have
been subjected to experimental verification.
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The hypothesis that the extent of
"openness" of the RuDP Case compartment in CAM and C4 plants influences
the carbon isotope composition of these
species has been partially tested in
laboratory experiments reported here. It
is difficult to test this hypothesis directly
with CAM or C4 tissue because the compartments are internal. As an alternative
we chose to simulate CO2 fixation in the
internal environment so that a closed
compartment was established, but intact
C3 plants (which use RuDP Case) rather
than single cells were contained in the
compartment. For the test it was necessary to grow plants in an atmospherically
sealed system into which C02 of constant
carbon isotope composition was supplied
at a rate sufficient to maintain a constant C02 concentration available to the
plants. Under these conditions the carbon isotope ratio of the C02 at source
and in the plant would be expected to
be the same as the C02 supplied if the
C02 in the buffer atmosphere was small
in proportion to the total fixed by the
plants. Furthermore, the difference in
the carbon isotope ratio between C3 and
C4 plants, which is apparent when plants
are grown under natural conditions (an
open system) , should be removed if the
C3 and C4 plants are grown in separate
closed systems with the same C02 source.
Methods
The species chosen for the experiments
were Atriplex rosea (C4) and Atriplex
patula ssp. hastata (C3). The plants
were grown in separate chambers but
otherwise under identical conditions. The
chambers are separately constructed,
gas-tight growth cabinets which have
been described previously (Year Book
66, p. 229). Their volume is approximately 1000 liters each. A total of 16
plants of A. rosea were grown in one
chamber, while 16 plants of A. patula of
similar size were grown simultaneously
in the other. Total growth was very large
in comparison to the initial weight of the
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plants and to the mass (about 200 mg)
of CO2 in the atmosphere of the cabinets.
The environmental conditions were continuous light of 40 nanoeinstein cm-2 sec-1
at 27°C and a root medium of perlite
with Hoaglands nutrient solution. The oxygen and nitrogen concentrations were constant and the same as the normal atmosphere. The C02 for both chambers was
generated from marble chips in a Kipp
generator and was supplied to the cabinets to maintain a constant CO2 concentration of 290 ppm determined by a
Beckman infrared gas analyzer. The isotope ratio of the marble chips was
-f-1.7%0. However, C02 was allowed to
escape from the Kipp generator only
when required to replace C02 fixed by
the plants. Under this condition an isotope effect due to the equilibrium between gaseous C02, the aqueous phase
containing dissolved C02 and HC03~,
and the solid phase CaC03 would be expected. According to the data of Deuser
and Degens (1967) the isotope ratio at
25 °C of the gaseous phase in the Kipp
generator should have been approximately — 5.3%c at equilibrium. If complete equilibrium were not maintained,
the ratio would be between this value
and that of the marble. The isotope
ratio of the C02 supplied could not be
continuously monitored; however, any
anomaly caused by the C02 supply
would affect both the control chamber
with the C4 species and the test chamber
with the C3 species identically. Plants
grown in the open system were grown
under identical conditions except that the
chambers were open to the atmosphere
which served as the source of C02. For
carbon isotope analysis, the plant ma-
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terial was burned in a platinum boat in
a stream of oxygen at 800 '"C with copper
oxide. C02 was trapped in liquid oxygen,
and excess 02 was pumped away. The
trap was warmed to alcohol— dry-ice
temperatures and C02 was double-distilled to a liquid oxygen trap. Water
and other impurities; were pumped away.
The carbon isotope ratio of the marble
chips was measured by completely digesting the material with sulphuric acid
and recovering all the carbon as CO2.
The C02 was analyzed with a NAA,
6°-60° sector, double collector, double
inlet ratio mass spectrometer. The results are expressed as a 813C value in %c
with respect to PDB, after corrections
for the contribution to mass 45 from 12C,
160, and 170, and for mass discriminatory effects in the mass spectrometer.
Results and Discussion
The carbon isotope ratios for the C3
and C4 Atriplex species grown in both
open and closed systems are given in
Table 23. To allow direct comparison of
the results from the different systems,
the values are expressed as a difference
from the ratio of the source C02. The
value for atmospheric C02 used in the
open system is taken as — 6.3%r and for
C02 generated from marble chips,
— 5.3%c. In an open system there was a
difference of I2.5%c between the C3 and
C4 Atriplex species which is about the
difference between the mean value for a
large number of C3 and C4 plants. The
carbon isotope ratios for Atriplex rosea
and Atriplex patula ssp. hastata grown in
the closed system were the same. This
verifies the hypothesis that discrimination would not occur in a closed svstem.

23. Carbon Isotope Discrimination by Plants in o13
Open
and
C Val
ue Closed Systems

Species
Atriplex patula ssp. hastata (C3)
Atriplex rosea (C4)

Open System
—21.5
— 8.0

Closed System
0.0
+0.2
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Do such closed compartments exist in
C* and CAM plants which have carbon
- tope ratios less negative than normal
C plants? To date, the only evidence tor
CAM plants which relates directly to this
question is the work of Kunitake and
Saltman (1958). They report the l4C
• \ 1 as T VO_> during the night by the
CAM plant Bryophyllum calycinum is
very efficiently retained (>97rH during
idification of that tissue in the light.
During this phase it is generally believed
that CO2 is internally generated by decarboxylation oimalic acid (Bjbrkman,
1973), and that this is refixed by RuDP
Also, little if any net CO2 uptake
from the atmosphere occurs during the
deacidification phase. Taken together,
these indicate that deacidification may
occur in a closed compartment. Presumably this is due to closure of the stomata
which would effectively isolate C02
within the leaf from that in the atmosphere. If only 2rr of the 14C02 which
- internally generated does escape,
then it follows that slightly less than 2%
of the O >2 I all isotopes) within the compartment escaped, and that the isotope
fractionation in the RuDP Case step
during this deacidification was about 2%
of the maximum that would occur in an
open system.
The isotope ratio of the tissue used by
Kunitake
and Saltman is not known;
ever, it is known that CAM plants
have quite variable isotope ratios.
Understanding of the mechanisms which
lead to this variability may provide a
ful tool for assessing the performoi CAM plants. The most obvious
Thi> variability is that CAM
plant- may also fix a proportion of their
• •': carbon during the light by the C3anism. Since RuDP Case in
this 1 ase functions in an open system,
e discrimination of this step
will be significant. Any carbon which is
gained by this mechanism would tend to
dilute the abundance of 813C in carbon
taken up by other means. That the con-
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tribution oi"open Cs fixation" to carbon
gain by CAM plants may vary is evidenced by the data of Nalborczyk et «/.,
1974. who report that the ratio of total
day to total night CO2 uptake by Kalanchoe daigremontiana changes from 2.0/
1.0 to 0.02/1.0 when plants are placed
under water stress. It is important to
note, however, that the carbon fixed
during the dark by the PEP Case mechanism does not necessarily have an effect
on the isotope ratio of the carbon gained
by the plant unless the deacidification
process occurs in a closed compartment.
There is no reason to believe a priori that
the compartment is always closed. If
this step does not occur in a closed compartment, the isotope ratio of the carbon
transferred from malate to carbohydrate
will be similar to that formed from C02
derived directly from the atmosphere.
Very little is known of the effect of environmental variation upon the "openness" or "closedness" of this step in CAM
plants. Until such information is available it seems dangerous to assume that
the isotope ratio of CAM tissue directly
reflects the relative contribution of dark
and light fixation.
During C4 photosynthesis, 14C02 experiments by Hatch and Slack (1966)
indicate that nearly all C02 is initially
fixed by PEP Case into C4 acids. Within
a few seconds the label is transferred
to intermediates of carbohydrate synthesis. Data of Hatch and Slack (1966)
and Johnson and Hatch (1969) indicate
that this transfer is virtually quantitative. It is now generally accepted that
this transfer, like deacidification of CAM
tissue, occurs via RuDP Case (Bjorkman, 1973). Hatch (1971) reports detection of an internal pool of C02 which
is apparently not in equilibrium with
that of the atmosphere. It is believed
that this C02 is located in the bundle
sheath cells, that it is generated by decarboxylation ofa C4 acid, and that it
Is refixed by RuDP Case. These studies
indicate that this transfer step probably
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occurs in a closed compartment. As a
consequence, isotope discrimination by
the RuDP carboxylase step would not
be expected. It is also important to note
that the advantage of C4 photosynthesis
to a plant is presumed to be the use of
PEP Case which lacks the sensitivity to
02 and has a higher affinity for C02 than
RuDP Case. Since RuDP Case must
also function in C4 photosynthesis, it is
reasonable to expect that its reaction will
be enclosed in a compartment. This is
necessary to gain the benefit of using
PEP Case as the initial C02-fixing enzyme. Taken the other way around, the
fact that C4 plants all have isotope ratios
within the range of 14 ± 1.9 indicates
that compartmentation of this reaction
is almost equally efficient in all these
plants and that this efficiency is probably quite high. An apparent exception
to this is the hybrids derived from a cross
between A triplex rosea (C4) and Atriplex patula (C3). These hybrids may fix
substantial C02 (-40%) of 14C02 in
short-term feedings into C4 acids; however, the isotope ratio of these plants is
virtually identical to the C3 parent. This
indicates that the PEP Case fixation is
not contributing to the carbon gain of
the plant. This would occur if the compartmentation of the decarboxylation
and RuDP Case enzymes are not appropriate to achieve a closed compartment.
Also consistent with this interpretation
is the fact that these plants are inhibited
by atmospheric 02 and have a lower
affinity for C02 than do normal C4
plants. Thus in this case the plant cannot realize the advantage of using PEP
Case because the RuDP Case step is exposed to the environment rather than
sequestered in a closed compartment. In
normal C4 plants, RuDP Case is apparently protected by an elevated C02 concentration within the compartment containing it.
While these discussions account for the
majority of the difference between C3,
C4, and CAM plants in isotope discrimi-

nation, itis important to recognize that
some unexplained difference- still exist.
The discrimination values reported for
the isolated enzymes are — 2.7 and —8.2.
— 18.3, or —33.7%* (Whelan et ai, 1973:
Park and Epstein, 1960) for the PEP
Case and RuDP Case reactions, respectively. In C4 photosynthesis the isotope
discrimination is approximately — 7%c
relative to the C02 source, not —2.7%c
as expected. Similarly, the final isotope
ratio of C-> plants cannot be totally explained bydiscrimination of the enzyme
reaction in vitro. Another point is the
substantial effect of temperature on isotope fractionation by RuDP Case in vitro
(Whelan et al., 1973) which contrasts to
the absence of any substantial effect of
temperature for growth on isotope fractionation byC3 plants. Park and Epstein
(1960) have suggested several other potential mechanisms for isotope fractionation including diffusion of C02 into the
leaf and the equilibrium between gaseous
C02, dissolved C02, and bicarbonate
ion. Further experiments are planned to
investigate these effects.
Conclusions
The concept of open and closed compartments relative to the potential for
carbon isotope discrimination by RuDP
carboxylase is introduced, and a test of
the prediction is reported. Evidence that
such closed compartments exist in C4
and CAM plants is reviewed and discussed relative to the apparent requirement that RuDP carboxylase be protected in order for the plant to receive
the advantage of using PEP Case as the
initial C02-fixing enzyme. Finally it is
pointed out that some isotope effects in
plants cannot be accounted for from in
vitro studies of enzymes. Further investigation of the mechanisms which
underlie these differences may also allow
another level for interpretation of variations in carbon isotope ratios of plants
in nature.
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PHOTOSYXTHETIC MECHANISMS AND LEAF
ANATOMY OF HOT DESERT PLANTS
J. Philpoti1 and John H. Troughton
Information about the distribution in
natural plant communities of plants with
(\ photosynthesis is important because
;• should
indicate the environmental
conditions which would favor this pathover the C3 pathway. To determine
the photosynthetic pathway, carbon isoratios were measured on 33 species
from the hot Colorado Desert in the
region surrounding the Salton Sea in
hern ( California.
Anatomical
evidence
(Philpott,
in
tion) established that only four
ies, Atn/jle.r hymen elytra, A. lentiformis, A. polycarpa, and Tidestromia
oblongifolia, had the chlorenchymatous
bundle-sheath
cells
characteristic
of
Kranz
anatomy
and indicative of C4

photosynthesis. All other leaves had a
predominantly palisade mesophyll which
would be considered to indicate C3 photosynthesis.
Carbon isotope ratios given in Table
24 confirm the conclusion from the anatomical survey that only the four species
with Kranz anatomy had the C4 photosynthetic pathway. In spite of substantial variations in leaf anatomy among
the other plants, the isotope ratios for
these plants gave values consistent with
a C:> metabolism.
Although the C:{ pathway persisted in
C:} plants adapted to hot deserts, there
was considerable modification of leaf
anatomy compared with , plants growing
on more mesic sites. The leaves tended

'Department
of Botany,
Durham. North Carolina.

to be small, thick, and hairy, with stomata on both sides of the leaf and with
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thick, cutinized outer walls of the dermal layer. The desert habitat has modified
plant density, form, and leaf anatomy
of Cg plants, with some alteration in
primary C02 fixation reactions which
may cause variation in the seasonal pattern of plant growth of this desert community.
The pronounced development of the
palisade cell layer on both sides of the
leaf in desert plants is in marked contrast to the distinct palisade and spongy
mesophyll layers in leaves from mesic
sites in New Zealand (Troughton and
Card, unpublished observations) . The
two palisade layers in leaves of desert
plants may have resulted from a combi-
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nation of both the high light intensities
and arid conditions of these sites. This
anatomical feature of the leaves of desert
plants may assist in restricting water
loss, and it may also influence the wateruse efficiency of these plants and would
therefore be important in ensuring plant
survival on these sites. Finally, we draw
attention to the similarity between the
leaf anatomy of C3 desert plant leaves
and Kranz anatomy of C4 plants in the
extent of the development of the palisade
layer. The hypothesis is proposed that
the layers of palisade cells on both sides
of the leaf were a necessary stage toward the development of Kranz anatomy
and the C4 pathway.

AND PHOTOSYNTHETIC
SYSTEMS

Harold Mooney,1 John H . Troughton, and Joseph A. Berry

Among higher plants there are three
known alternate mechanisms of photosynthetic CO2 fixation. These are the
Calvin Cycle (C3 photosynthesis), the
C4-dicarboxylic acid cycle (C4 photosynthesis) and
,
Crassulacean Acid Metabolism (CAM). Numerous physiological and biochemical differences between
these plant types have been experimentally documented and are presumed
to be of adaptive advantage under certain environmental conditions (Bjorkman, 1973) . It is generally observed that
C4 and CAM plants are most prevalent
in warm, arid regions of the world, although the particular environmental
parameters favoring one or the other of
these metabolic pathways in native vegetation are not well defined. In part this
is because detailed biogeographic studies
on the distribution of plants with different photosynthetic mechanisms have not
been conducted. Ideally one would
examine the way in which plants with
1 Department of Biological Sciences, Stanford
University, Stanford, California 94305.

these photosynthetic mechanisms are
arrayed along a geographically continuous transect which grades in a single
component such as aridity. Presumably
this array would reflect the capacity of
plants with these photosynthetic systems
to survive and compete as a function of
aridity. However, inferences about the
adaptive advantage of certain photosynthetic mechanisms from studies of geographical distribution of plants is often
complicated by the fact that several factors such as aridity, temperature, and
edaphic components may all vary along
a transect. Furthermore, the environmental features interact with historical,
growth form, or faunal factors which
must also be considered in interpreting
plant distribution in natural systems. In
this study we examine the photosynthetic
mechanisms used by the dominant plants
along two similar but geographically
distinct climatic gradients which vary
primarily in aridity. Furthermore, the
resident flora of these two regions of
Baja California and Chile have evolved
in isolation, which provides a better

'94
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rspective to evaluate the relationship
between the distribution oi plants with
different photosynthetic mechanisms and
adaptation to their environment.
It has been shown that the water-use
efficiency (growth relative to water transpired or g COa uptake £ ll-O transpired I
oi C-. C, and CAM plants is different
under arid renditions (Neales et al.}
1968; Shanti and Piemeisel, 1927). although exceptions to this generalization
are also known (Raber, 1937). Plants
with improved water-use efficiency
should he more productive and better
competitors than less efficient plants
when aridity limits plant growth. On the
sis oi physiological studies it may be
hypothesized that with increasing aridity
( ' species should be displaced by C4
species and CAM plants. This hypothesis is examined in relation to the changes
in vegetation observed along the gradients studied.
The Gradients
Along the coasts of Chile, California
and Mexico at latitudes less than 34°,
precipitation declines rapidly. In both
regions the climate grades from a mediterranean type at the highest latitude to
a desert type at latitudes less than 32°
(Aschmann, 1973i. Frequent ocean fog,
particularly in summer, produces cool,
uniform temperatures which are similar
along the extent of each gradient and
between comparable sites in Chile and
Baja California. Maps of the regions
showing the average annual precipitation
are Bhown in Figs. 99 and 100. The precipitation grades from 400 mm at the

1N S T IT U T 10 N

Chile, where precipitation continues to
grade to less than 25 mm per year at
about 26° south. This is one of the driest
regions on earth.
Vegetation (Gradients
The vegetations of these regions arc
convergent in character. Although they
have had dissimilar evolutionary histories, they exhibit, the same structural
tendencies (Mooney and Dunn, 1970;
Mooney et al, 1970; Parsons, 1973). Recent studies by Carter (unpublished) and
Mooney and Harrison (1972) provide
data on the percentage of cover for each
of the dominant species for several sites
in Chile and California. Of the dominant
plants we have assessed each according
to leaf or stem type (evergreen, drought
deciduous, succulent, stem chlorophyllous) as well as photosynthetic type
(C3, C4 or CAM). The latter classifications were made on the basis of anatomical examination and/or the determination of 813C/812C ratio of leaf tissues.
For the purpose of this study, plants
which lack Kranz anatomy or succulence
and have an isotope ratio more negative
(lower) than — 20^ were considered C3
plants. Plants which possess Kranz
anatomy and have an isotope ratio less
negative (higher) than — 16(/(( were considered C4plants. Succulent plants lacking Kranz anatomy and having an iso-

i- a long summer drought which becomes
more severe at lower latitudes. South of

tope ratio higher than — 20°/fo were considered CAM plants. Since some CAM
plants may have isotope ratios lower
than —20%, (Bender et al, 1973), this
is not a conclusive test. Assays for dark
C02 fixation were also conducted and
showed that two species with isotope
ratios within the range of normal C3
species did have CAM.
A summary of climatic data and vegetation characteristics from each of the

30* in Baja California, the gradient is
truncated at about loo mm precipitation
by the influence of summer tropical
storms. This doc- not occur, however, in

study sites along the two gradients is
presented in Table 25. The lower amount
of vegetation cover at all Chilean sites
and the greater percentage of cover of

higher latitudes to 100 mm or less at 30°
latitude. Most of this precipitation is
confined to the winter months and there
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Fig. 99. Generalized map of average annual precipitation along the California coast. Precipitation data from Hastings and Turner, 1965, and USDC, 1970. Climate diagrams from di Castri, 1973.

drought-avoiding types at the most mesic
Chilean stations has been attributed in
part to the results of the more intensive
use of the landscape by man in Chile
than in California (Mooney et al., 1972).
In general terms, the vegetation changes
from an evergreen scrub at the higher
rainfall regions to a vegetation which has
a large number of drought-deciduous
shrubs in addition to evergreens at the
intermediate precipitation levels. In the
drier areas succulents become increasingly important. At the most arid sites

listed in both Chile and Baja California,
CAM succulents constitute nearly one
quarter of the vegetation cover. Xo
quantitative vegetation data was obtained for sites in the most arid regions
of Chile. However, observations were
made at Paposo, a coastal station just
north of Taltal, in the Atacama Desert
at 25° south latitude where annual average precipitation is only 25 mm. On the
coast itself, the vegetation is dominated
by succulent cactus, principally Copiapoa haseltoniana, which exhibits CAM.
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A.way from the immediate coast. 10 km
inland, there are no higher plants. Apntly n is too dry to support plant
growth. In the nearby mountains, where
the fog provides a more mesic environment, the landscape is dominated
by

columnar CAM cactus such as Eulychnia
and Trichocercus. In addition, however,
there are two prevalent drought-deciduous shrubs, Oxalis gigantca and Euphorbia lactiflua, which have isotope ratios
of -25.2%0 and — 20.9%,, respectively,

ANTOFAGASTA

■:

Taltal

INSTITUTION

300
100

s:

EL COBRE

60

::

PAPOSO

20

TALTAL
fcSONDJFMAMJ

PAN DE AZUCAR

50
CALDERA
100

La Serena

30

T300
60

50-

jASCNDjFMAMJ

200

LOS MOLLES

JASONjJ

FMAMJ

Fig. 100. Generalized map of the average annual precipitation along the coast of Chile. Precipitation data from Almeyda and Saez, 1958. Climate diagrams from di Castri, 1973.
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25. Characteristics of the Dominant Plants

California

Chile

Camp

Boulder
Creek

Pendleton

TelSanmo
(Baja)

Pundo
Station
Laura
(Tiltil)

Tongoy
Papudo

Latitude
Estimated Annual
Precipitation, mm.
Total % Woody

32°50'
450

99.50

Plant Cover

Relative % Cover by
Leaf Type
Evergreen
Drought Deciduous
Stem Chlorophyllous
Succulent
Unclassified

CAM
Unclassified

160
58.23

450

350

33° 10'
59.29

32°30'

72.61
11.55

50.31
36.95
0.00
11.36
1.39

48.42

LOO
30°25'
32.]]

195.31*

98.58
1.41
0.00
0.00
0.01

32.78
67.08
0.00
0.06
0.08

99.31
0.00
0.39

99.55
0.00
0.37
0.08

Relative % Cover by
Photosvnthetic
Type
c3

c<

200
33° 15'

0.30

12.45
62.70
0.00
24.85
0.00

75.17
0.00
24.85
0.00

14.54
1°
30.46
0.84

97.28
0.00
0.17
2.55

31.83
41.76
0.37
22.33
3.71

86.12
0.00
11.36
2.53

70.60
0.00
22.33
7.07

^Figure over 100% due to canopy overlap.

indicating they possess CH pathway. It
appears that in this extreme desert area
CAM species dominate the driest habitats but C3 species can persist where
there is a little more moisture. Thus,
increasing aridity in both Baja California and Chile leads to a greater importance of CAM plants. It seems that
CAM plants occupy the most arid sites
capable of sustaining life.
It is noteworthy that there were no
dominant C4 plants in any of the vegetations studied. However, a limited number of C4 species (Atriplex, Sueda, and
Distichlis) were found in saline habitats, and the C4 plant, maize, was cultivated in areas along the gradient in Baja
California. It is also noteworthy that
C3 species extended throughout the gradients and were the dominant component
of the vegetation at all except the most
arid site. This raises a serious question
of the validity of water-use efficiency
for interpreting this vegetation array.
According to the hypothesis stated in the

introduction, one would have expected
C3 species to be replaced by C4 species
and these in turn by CAM species. It is
conceivable that the absence of C4
species from this vegetation is due to historical factors; that is, C4 species were
not available to compete with the species
now present in these gradients. Indeed,
the arid regions of Australia do contain
many C4 species and lack native CAM
species. Another possibility is that C4
photosynthesis may be so recent a development in evolution that it has not
yet come together in the same genome
with the many other adaptations which
plants presumably require to compete
in these habitats. It is more likely, however, that water-use efficiency per se is
not the determining characteristic of
these vegetations. Although precipitation is very sparse, it does occur during
a short period of the year, and at least
in some years, fairly humid conditions
may prevail for a short growing season.
This is followed by an extended drought

'9S

C A R N E G1E

in which do moisture falls. The success
of perennial plants in this type of climate
must be a function oi their ability to
_ -a- and compete during the short growing season and to endure the long ensuing
period oi drought. The increasing proportion oi drought-deciduous and succu' plants as aridity increases indicates
that drought avoidance is an important
factor in adaptation to the climate of
these regions (see also Mooney and
Dunn, 1970). The absence of C4 plants
among the drought-deciduous species
may he related to the conditions prevailing during the growing season, which are
similar, but shorter in duration, to the
conditions which prevail in the higher
precipitation regions. Since the growing
sons are cool and humid, the potential water-use efficiency of plants with
C4 photosynthesis may be of no competitive advantage. Succulent plants,
however, can absorb water when it is
available and store it within their tissues
for use later. The efficient use of this
water is of obvious importance, and the
mechanism of dark C02 fixation in CAM
provides the greatest potential for efficient use of water. The plants occupying
the most extremely arid sites are stem
succulents with CAM. These apparently
maintain metabolic activity throughout
the year. In contrast, water is available
outside the plant only briefly, if at all,
during the year. The presence of CAM
apparently enables these plants to persist in extended periods of drought. With
increasing water availability it is possible thai CAM species could also use
this mechanism in a manner that is partially decoupled from water storage
(water used on a replacement basis when
-ilabi'- as by nonsucculent vegeon). While CAM succulents may
make efficient use of the water they use,
it is Dot known how much water they use
in relation u> the total water use of the
getation at sites where both CAM and
' type plants mow. Other evidence
(Ting et al, 1972) indicate, that CAM
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plants generally have very low productivity, and we suspect that at the intermediate sites the CAM plants have much
slower growth rates than the C3 species
cohabiting these sites. Thus, competition with Cg species may exclude CAM
species from all but those microsites
which are naturally open within the
canopy of C3 vegetation.
Differences in CAM

Plants

Plants with CAM have the option of
fixing CO2 at night by a mechanism
similar to that used by C4 plants or during the day by a mechanism similar to
C3 plants. Numerous environmental factors have been shown to influence the
relative importance of dark and light
CO2 fixation, for example, water stress
(Kluge and Fischer, 1967), day/night
temperature (Neales, 1973a, 1973b),
salinity (Winter and von Willert, 1972),
and day length (Queiroz, 1965, 1966).
Such changes could, if they occur under
natural conditions, have an important
bearing upon competition between C8 and
CAM species. The carbon isotope ratio
of succulent plants (including CAM
plants) has been generally interpreted
as indicating the extent of C02 fixation
by either of the primary carboxylations
involving PEP (C4) or RuDP (C3)
carboxylase (Allaway et al., 1974;
Bender et al., 1973) . To a limited extent,
S13C values respond to these same environmental treatments in the laboratory
in a manner that suggests high S13C
values when PEP carboxylase reactions
are likely to dominate and low 813C
values when light fixation of exogenous
CO^ via RuDP carboxylase occurs (Osmond et al., 1973; Allaway et al., 1974;
Lerman and Queiroz, 1974).
Under natural conditions the carbon
isotope ratios of the atmosphere are
likely to be constant so that variation
in 813C values of whole leaf tissue will
reflect physiological variation. Current
evidence and the general distribution of
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CAM plants in arid areas suggest aridity
may be a primary reason for utilizing the
PEP carboxylase reaction at night as
the major carboxylation system. In the
Bromeliaceae there is a strong correlation between dark C02 fixation, high
813C value, and aridity among the three
subfamilies. Thus, the variation of carbon isotope ratios of plants with CAM
along the climatic gradients provides a
means of assessing the metabolic significance of, and possible environmental
influences upon, the capacity of plants
for CAM. Plant material was collected
in Baja California during May 1973 and
in Chile during November 1973 from
several sites along the aridity gradient.
These data are presented in Tables 26
and 27. Data for several shrubby species
which had only certain succulent tissues,
such as leaves (Lycium) and stems
(Euphorbia and Idria), were also included. These all indicate the absence
of CAM ; however, Euphorbia lactifiua
and Alona rostrata of Chile have an isotope ratio of — 20.9% o, very near our
operationally defined limit for CAM. In
fact, the partly succulent shrubs of
northern Chile have generally less negative isotope ratios than other C3 plants.
All the succulents of the Agavaceae,
Cactaceae, and Crassulaceae, both in
Chile and in Baja California, had isotope ratios indicating the presence of
CAM. Isotope ratios greater than — 20C/Cc,
but dark C02 fixation, evidence for
CAM, were obtained for some species of
the Aizoaceae and Portulacaceae from
Baja California, and for the Bromeliaceae from Chile.
Of particular interest in the context of
this study is the variation in carbon
isotope ratios of CAM species from different sites along the gradients. If CAM
plants did C02 fixation by the C3 mode
in the more moist sites and by the CAM
mode in more arid sites, this should be
reflected by a trend toward less negative
carbon isotope ratios. In general, most
of the species show very little variation
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in their carbon isotope ratios. In fact,
variation between individuals of the same
species from a single site was; as; great
as the variation between sites. This is
shown by six different plants of Bergerocactus emoryi at one site, which had
ratios of —12.4, —12.7, -12.8, -14.0,
— 15.0%r. These data indicate no consistent shift in the relative contribution
of CAM dark C02 fixation with changes
in aridity. Furthermore, these values arcall within the range expected for C4
species, suggesting that dark C02 fixation probably accounted for nearly all
the carbon fixed by these plants. The
potential to fix C02 by a C3 mode is
apparently not an important adaptive
mechanism to these CAM plants. Data
suggesting that such a shift may occur
were obtained for different species of the
genus Puya in Chile and Dudley a attenuata in Baja California. Isotope ratios in these cases are more negative at
the less arid sites, as anticipated. The
evidence indicates, however, that the majority of CAM plants do not fix an appreciable proportion of their carbon by
C3 reactions in the light. It is noteworthy that Puya and Dudleya are leaf
succulents rather than stem succulents.
As another approach to studying C02
fixation by CAM plants, assays for dark
C02 fixation were performed on material
in the field. 14C02 uptake was determined by placing a detached piece of
tissue in an enclosed container (approximately 1-5 g fresh wt) . 14C02 was provided by exchange with a 1CT4 M sodium
bicarbonate solution also enclosed in the
container. Routinely, tissue was detached
at dusk and once enclosed was kept in
a light-tight box but otherwise unprotected until dawn. At that time the tissue
was extracted with boiling 80 rc ethanol.
The extracts were saved and the 14C
fixed was measured later by scintillation
counting. The total 14C, expressed as
yxmole C02 fixed in a number of assays.
is presented in Table 28. Plants known
to lack CAM fixed less than 0.5 /miole
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CO... Presumably, the 14C fixed repre- variable results were obtained with CAM
sents exchange labeling rather than net plants, and no correlation with site
COj uptake by these tissues. Extremely
could be established. Some plants known
T V.BLE 26. Carbon Isotope Ratios of Succulent Plants along a
Coastal Aridity Gradient in Baja California

Jatay

Punt a
Colnett
Latitude
Estimated Annual Precipitation
(mm)
Species
Cactaceae
Bt -g< rocactus emoryi
Engelm.) Britt. and Rose
Echinoa reus engelmannii
Parry and Engelm.) Rumpler
Echtnoeereus maritimus
M. E. Jones) K. Schun.
F« ■ -cactus gracilis Gates
Ferocactus viridescens Britt. and Rose
Lophocereus schottii (Engelm.)
Britt. and Rose
M achat rncereus gummosus (Engelm.)
Britt. and Rose
Manunillaria dioica K. Brandegee
MammiUaria louisea Linds.
MyrtiUocactus cochal (Orcutt)
Britt. and Rose
Opurdia fulgida Engelm.
Opurdia occidentalis
Engelm. and Bigelow
Opurdia oricola Philbrick
Opuntia prolifera Engelm.
Pachycereus pringlei (S. Wats.)
Britt. and Rose

( frassulaceae
hudU ija attmuaia (S. Wats.) Moran
I), r, ill rata Rose
I), ingens Rose
I), pulverulenta (Nuttall)
Britt. and Rose
Aizoaceae

250

} 'ueea u hipplei Torr.
Partially aucculenl shrubs
Euphorbia misera Benth.
hydum sp.
Tdria columnaris

lThk -if- i- about
'Annual plant.

12 km inland

B1
3C125(%0)
Quintin

El
Consuelo
100

El

Rosario1
80
-13.8

30°30'

-12.9

15.9

12.4

2°
312.0

10.5

13.5

-13.381°

-11.5
-13.0

-16.0
-12.2

-15.7
14.6

11.0

12.1
-13.5

12.3
14.8

-12.3

-12.5

-13.7
-12.9

14.8

13.7
11.6
-14.4

-14.2
-13.1

-13.7
17.3

16.7

- 13.9

-14.6

12.5

-22.9
-28.1

14.4

-18.7
-22.4

-24.0

Mesi r/djri/anthemum crystallinum L.2
.1/. nodiflorum L.2
Portulacacea
Calandrinia maritima Xutt.2
A gat' shawii Engelm.

150

San

-13.1

-13.5

13.9
14.7
-24.2

13.7
-25.1

23.0
24.7

22.1
25.2

30°
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TABLE

27. Carbon Isotope Ratios of Succulent Plants along a
Coastal Aridity Gradient in Chile

Fundo
Sta.
Laura

(Tiltil)
Latitude
Estimated Annual Precipitation (mm)

450

Los
Molles

Vicuna

Caldera,
Copiapo

JC (%0)

125

300

27-27°
50 30'

32°15'

Species
Cactaceae
Copiapoa cinerea (Phil.)
Britt. and Rose
C. columna-alba Ritt.
C. ferox Lembeke and Backbg.
C. haseltoniana Backbg.
C. lembekei Backbg.
C. megarhiza Britt. and Rose

-11.1

-10.0
-12.2

33°
13.9

Eulychnia castanea Phil.
E. acida Phil.
E. saint-pieana Ritt.
E. spinebarbis (Otto) Britt. and Rose
E. iquiquensis (K. Sch)
Britt. and Rose
Trichocereus chilensis (Colla)
Britt. and Rose
T. coquimbanus (Mol.)
Britt. and Rose

Tongoy,

El Cobre,

-15.3
-12.7
-13.9

24-20''

12.6

-13.1

-14.1

-12.3

-11.9

-13.9

Opuntia ovata Pfeiff.
Neochilena chilensis (Hildm.)
Backbg.
Pilocopiapoa Solaris Ritt.
Bromeliaceae
Puya berteroniana Mez.
P. chilensis Mol.
P. copiapina Phil.
P. venusta Phil.

Azucar
25

30°

-12.6
14.0

Pan de

-14.

-12.5
-12.3

Tab.;,].
Paposo,

-15.4

20.9

-23.5
-19.6

-17.9

-23.2

Portulacacea
Calandrinia grandiflora Lindl.

-24.6

Partially succulent shrubs
Fuchsia lycioides Andr.
Euphorbia lactiflua Phil.
Oxalis gigantea Barn.
Anisomeria litoralis (P. and E.) Moq.
Tetragonia maritima Barn.
Nolana mollis (Phil.) Johnston
Heliotr opium pycnophyllum Phil.
Alona rostrata Lindl.

-25.2
-27.3

to be CAM,
fixed substantially more
than 0.5 /xmoles C02 while others did
not. Several species of Cactaceae, which
are succulent and have isotope ratios

20.9

-21.1
-22.2
-25.6
-20.9

near — 14.0/^, did not fix as much COo
as did C3 or C4 plants. This result is
most likely an artifact due to exclusion
of the exogenously supplied 14C02 from
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the interior of the tissue by closed stomata. Fixation oi large quantities of
COj can probably be taken as evidence
for the presence of CAM, but the absence
of night COa fixation in these assays
does not necessarily indicate the absence
o: CAM. Attention should be drawn to
several significant positive results obtained. Mesembryanthemum crystallinum, which had an isotope ratio of
22 9 . fixed substantial 14C during the
assay period, indicating that it does
possess CAM. M. nodiflorum was sampled in May from a stand growing together with M. crystallinum. The isotope
ratio was — 28.1',,. and very little 14C
was fixed by this tissue. Another sample
of M. nodiflorum taken from Jatay in
May had an isotope ratio of — 18.1%c,
an indication of CAM. This tissue was
not assayed for dark C02 fixation. In

TABLE
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October M. nodiflorum from Punta Colnett was assayed. It did fix substantial
14C at night and had an isotope ratio of
— 15.5%c consistent with the presence of
CAM. These results are strong indications of phonological or environmental
control of the expression of CAM in
Mesembryanthemum nodiflorum. Previous studies indicate that the expression
of CAM in M. crystallinum is regulated
by NaCl (Winter and von Willert, 1972).
These studies indicate that such changes
in metabolism probably occur in plants
growing in their natural habitats.
Calandrinia mantima is another plant
having an isotope ratio within the C;{
range wdiich gave positive indication of
CAM. Isotope ratios of — 24.0%c and
— 22.1%, were determined. Several replications of the 14C02 uptake assay all
showed very active dark C02 uptake.

28. Total Night C02 Fixation by Detached Leaf or Stem Tissue

Determined at Various Sites1 in Baja California in May 1973
Species
( ' Species
E'i]>horbia misera
Frankenia sp.
Idria colmnnaris
Lyciuin Bp.
Salicornia sp.

/xmole CO 2
0.428
0.130
0.216
0.08
0.115

( \ Species
Sunin -p.

0.260

( AM Species
Annuals
I' 'alnndrinia maritima
Mesembryanthemum crystallinum
M. nodiflorum
Perennials

0.12,
4.20
0.65,
6.44

Agavi shawii
fit rgt rocart/us rtnoryi
I > miU ya attenuata
Dudleya irtgt ns
/•'< rocactus gracilis
/". viridescens
Lophocert us schoUii
M achat met n us gurnmosus
MyrliUocactus cochal
Opuntia oricola
0, •prolifera
V nrra

uhi/jpl/'i

1.76, 0.90
0.26
1.18
0.43
0.82, 2.442
2.15
0.26,
0.41
0.15, 0.90
1.74, 0.12
0.10
0.18
0.34, 1.60
0.59

'Xo distinction bet* een sites made since between-site variation was as great as within-site variation.
'Determined in October 1973.
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It is very interesting that both species
of Mesembryanthemum and Calandrinia
maritima are annuals. Their isotope
ratios suggest that a large proportion
of their carbon has been fixed by the C3
mechanism. The positive dark C02 uptake assays were performed on plants
which were near the end of their life
cycle (either in late flower or during
seed set) , and the one negative assay of
M. nodiflorum was with young plant material. These results suggest that these
plants may develop the capacity for
CAM late in their life cycle. Since rainfall is confined to the winter and early
spring the severity of the drought increases as the plants mature. The capacity of these plants to assume CAM
may enable them to extend their growth
period longer into the drought than would
be possible without CAM.
Conclusion
In both Baja California and Chile
there were comparable trends in the characteristics ofthe photosynthetic systems
and plant habit of the dominant plants.
With increasing aridity, there was a decrease in the proportion of evergreen
plants (all C3) and an increase in
drought-deciduous (also all C3) and
CAM species. These responses occurred
in a series of sites selected because
aridity was the major feature varying
along the environmental gradient.
No plant grew on the most arid site.
With a small increase in moisture the
succulents, which are exclusively CAM,
were the dominant vegetation, but with
increasing moisture the succulents declined to 25% of the vegetation cover on
sites with 100 mm annual rainfall. We
suggest the slower growing CAM succulents (and all succulents) were competitively excluded from the more mesic sites
which were occupied by a closed canopy
of evergreen C3 plants. With increasing
aridity and increasing proportions of
drought-deciduous plants, the canopy becomes more open, particularly during the
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drought. These openings are occupied.
if at all, by (JAM succulents.
It is noteworthy that C4 plants do not
occur to any extent in any of the sites
investigated. Although they arc found
in the study regions, they arc comparatively rare and usually occupy saline
habitats. We propose that the reason
for the lack of C4 plants within the principal vegetation types is that when water
is available, the cooler temperatures reduce any competitive advantage the C4
plants may have in water-use efficiency.
During warmer periods, the severity of
water stress encourages drought avoidance by the deciduous habit. Virtually
all photosynthesis stops in the drought,
except perhaps by CAM plants which
have both stem-succulence and a modified diurnal C02 fixation pattern to allow
maintenance of the photosynthetic
organs.
The lack of C4 plants and the reduction in the proportion of CAM succulents
with increasing moisture have been interpreted as resulting from the competitive advantage of the C3 perennials. In
Baja California, where the natural vegetation had been removed by tillage operations itwas interesting that during
natural succession there was a complete
ground-cover of the annual succulent
Mesembryanthemum crystallinum. Furthermore, by irrigation the C4 plant
maize could be farmed.
The carbon isotope ratio measurements of the succulents provide evidence
that under natural conditions the majority of the values are higher than
— 15%o. This was also true for Opuntia
sp. in Australia, although several values
in the range of — 16 to — 18c cc were recorded (Osmond et al.} 1973) and a low
value for Opuntia sp. was also observed
in a sample > 40,000 years old (Troughton, Wells, and Mooney, this Year
Book) . These results are in contrast to
the large variability in S13C values observed in CAM plants in physiological
experiments where it is readily observed
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that switching to the Cj from the CAM
can bo induced and that this causes the
carbon isotope ratio to become more
negative.
Although most CAM plants in this
study did not switch, there was good evidence that some species were using the
advantage of a higher growth rate via
the Ca pathway, presumably when water
was available. Thus in the Dudleya spp.
values from —14.2 to — 17.3%< were observed, and in the Chilean counterpart
genus P'nja plants had values from
15.4 to —23:2',,. A pronounced divergence oi carbon isotope ratios was also
observed among the annual plants
Mi sembryanthemum crystallinum, M.
lifiorum, and Calendrinia maritima,
and this divergence, in conjunction with
measurements of dark CG2 fixation, suggests that they perform C3 fixation during the early part of their growth period
and CAM when they are phenologically
mature. This phenomenon, which has
beeE documented in Dudleya fariuosa
IBartholemew, 1973), may be an important adaptation of these plants to
drought,
which
becomes
progressively
re as the plant ages. Plants in this
category of -ucculents apparently utilize
physiological flexibility which is under
environmental control, but most perennial CAM succulents do not appear to
utilize this option, at least not in their
native habitat-.
In the Baja and Chilean
climates,
plant response to increasing aridity was
dominated by plant- with drought-avoid2 characteristics of a deciduous habit
and by succulents with CAM photosyn>. The competitive advantage of C:{
plants >ver (\ plants in these environ\£ suggests two proposals for further
rig. ( >ne proposition is that the exclusion ofCAM plant- from moister sites
ilt of increasing competition from
( plant-, and the other, that the
drought-deciduous habit is a greater determinant ofplant persistence along this
gradient than any other physiological
trait.
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PHOTOSYNTHETIC PATTERNS
BROMELIACEAE

IN THE

E. Medina1 and John H. Troughton
Plants with Crassulacean Acid Metabolism (CAM) provide unique material to investigate some aspects of environmental control of photosynthetic
behavior because of the potential for
independent environmental regulation of
C02 fixation in the light or dark. The
variation in the relative importance of
either photosynthetic pathway with the
environment can be investigated in CAM
plants along environmental gradients
such as the aridity gradient studied in
Baja and Chile (this Year Book). An
alternative approach is to establish the
phylogenetic distribution of CAM plants
and their ecological distribution in order
to identify the environmental components responsible for the selection pressures encouraging the development of
the flexible photosynthetic behavior in
CAM species.
The C.s pathway is generally regarded
as the more primitive carbon pathway,
and it is to be expected that early members of CAM families woud be of the C8
type.

Measurements

of the carbon iso-

1 Dept. Ecologia, IVIC, Aptdo 1827, Caracas.
Venezuela.

tope ratio in the Cactaceae support this
possibility, as the 813C value of Pereskia sp. was — 36%o; Zygocactus truncatus,
— 25.1%c; Nothocactus mammulo-12.0%,.
sus, — 10.8%o; and numerous Opuntia sp..
Many

environmental and plant components interact and are responsible for
the evolutionary development of the
CAM photosynthetic behavior of plants
with C3 ancestors, but Medina (1974) has
proposed that aridity has been primarily
responsible for many anatomical and
physiological characteristics in the
Bromeliaceae, including photosynthetic
mechanisms. This possibility would be
compatible with a view that water availability has been especially important in
determining many anatomical and physiological characteristics of plants.
To provide further documentation of
the phylogenetic variation in CAM behavior among the Bromeliaceae, measurements of the carbon isotope ratio of
27 species in three subfamilies were made.
The carbon isotope ratio of the tissue
provides a method of distinguishing between carbon in the plant derived from
one or other of the pathways. The extent
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29. Possible Ecological Patterns and Phvlogenv in the Bromeliaceae
Ancestor
Terrestrial Plant
PnyaMoist Regions

Novia
Brocchinia
TILLANDSIOIDEAE
Northern South America and
Central America

PITCAIRNIOIDEAE
Andes
Pitcairnia

Epiphytism, Succulence
Partial Loss of Hoots
Foliar Absorption

Piekya

Terrestrial forms,
Drier sites
Succulence
Dark CO-, fixation

Dry habitats
High light intensity
Park COi fixation

Humid habitats
Low light intensity

Tillandsia

Tillandsia
Guzmania
Vriesea

BROMELIOIDEAE
Northern Argentina and northeastern Brazil
Bromelia
Partial loss of roots
Aechmea

Epiphytism
Foliar absorption

alkalinization of the solution, while net

to which carbon is assimilated by either
photosynthetie pathway in CAM plants
is both genetically and environmentally
determined. Xeales (1973a, 1973b)
has shown the extent to which day and
night CO2 fixation can be manipulated
by the environment and, with several
CAM species, some evidence for a relationship between light or dark C02 fixation and 813C value has been obtained
(Allaway et al., 1974; Osmond et al,
1973). To further investigate the possibility of this correlation, measurements
of the presence or absence of dark C02
fixation were made on the same species
used in isotope analysis.

performed in temperature-controlled
chambers at 15°C during the dark period
or outdoors under natural conditions.
Water lost by the leaf pieces was also
less than 5%o of the original fresh weight.
Malate accumulation during the night
was enzymatically measured in fresh
leaves (Hohorst, in Bergmeyer, 1965)
and expressed as the difference in ^moles
malate per g fresh weight at 6 a.m. and 6
p.m. The carbon isotope ratios were
measured by methods given elsewhere
(Troughton et al, 1971).

Methods

Results and Discussion

The plant- were grown under uniform
condition- in a greenhouse at the Department of Ecology (IVIC) at an altitude
of 1000 in. The species names are ^iven
ording to Smith H971 1. Dark C02
fixation was measured colorimetrically
(Medina, 1961) by putting 1 gram of
mature leaf tiS8Ue into gla88 tubes above
a bicarbonate indicator solution contain-

The family Bromeliaceae originated in
the tropical Andes (Smith, 1971), and it
is likely that the ancestral group were
terrestrial plants growing in humid conditions and high light intensity at medium to high elevations. The subsequent
differentiation of the group is generally
along lines toward xerophytism, yet

ing cresol red at 10 mg T1. Net CO2
fixation in darkness
was indicated by

CO2 production resulted in an acid reaction of the solution. Measurements were

mesophytic subgroups are maintained.
Thus within each family there are ecological characteristics that are distinc-
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tive for each group and that are often
associated with geographic regions. A
scheme for the organization of the Bromeliaceae on this basis is given in Table
29, and on the basis of this arrangement,
representative species for each type were
selected for analysis.
The results of the 813C values and net
dark C02 fixation are given in Table 30.
In general, two groups of numbers were
obtained, 13 species with 818C values
between — 12.2 and — 16.0%^ and an
average of — 13.9 ± 1.2%e and 14 species
with values between — 22.5 and — 25.6%o
with an average of — 25.3 ± 1.8%o. This
division into two categories is characteristic of the same pattern observed in
other higher plants, where a mean value
of —UA%o for C4 and —26.8%, for C3
TABLE
Species
Pitcairnioideae
Dicky a tuber osa
Puya floccosa
Brocchinia tatei
Pitcairnia pruinosa

A comparison of 813C values with dark
C02 fixation (Table 30) provide- substantial evidence that high 813C values
(— 13.9%f) are associated with dark CO2
fixation. The only exception in this study
was Guzmania monostachia, which had
a 813C value of — 23.7%6 but showed net
%
dark C02 fixation measured 5C,both
colorimetrically and as malate accumulation
(Table 31). G. monostachia has been

+

+
+
+
+
+
+
+
+
+
+

Bromelioideae
Aechmea tillandsioides
A. bromelifolia
Bromelia humilis
=

plants has been observed in a study of
250 species (Troughton, 1972). On this
basis it would be expected that the separation of the Bromeliaceae
into two
classes based on the 813C value would
be consistent with a primary carboxylation via RuDP carboxylase in the class
with low values and via PEP carboxylase
in the other class.

30. Dark C02 fixation and 513C values in Bromeliaceae -12.3
-22.5
Dark CO 2 Fixation
CO
-27.3
-26.0

Tillandsioideae
Tillandsia complanata
T. adpressa
T. fendleri
T. anceps
T. spiculosa
T. adpressiflora
T. balbisiana
T. circinnata
T. gardneri
T. tennifolia
T. usneoides
T. recurvata
T. andreana
T. utriculata
T. incarnata
T. compacta
Catopsis nutans
Vriesea platynema
Guzmania monostachia
G. mucronata

:o13C
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(13C/12C) sample
(13C/12Q PDB

+
+
+
1 X

1000.

-23.6
-25.3
-24.8
-28.3
-25.0
-25.3
-12.2
-12.7
-13.9
-15.2
-13.7
-15.3
-13.3
-13.7
-16.0
-25.6
-23.7
-28.6
-23.7
-24.7
-15.2
-13.6
-14.1

SOS
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reported
elsewhere
as a CAM
plant
(McWilliams,
1970). Other species m
which malate accumulation during the
night was measured showed a good correlation between the technique
used to
— -- dark CO2 fixation and the amount
of malate accumulated (Table 3D.
The variation in carbon isotope ratio
between species within each of the ecoally defined groups within the
phylogenetic organization of the Bromeliaceae is consistent with a change
in photosynthetic behavior from C;i in
the more primitive groups to CAM in
the more phylogenetically advanced
groups. This trend is also along a gradient from mesie to xeric ecological sites
1 Table 29 1. Puya and Brocchinia sp.
both had C3-like S13C values, as did
Pitcairnia sp.; but Dickya sp., also in
the subfamily Pitcairnioideae, had a
6lAC value indicating dark CO2 fixation.
The 813C values of the three members of
the Bromeliaceae which are the most
xerophytic also indicate dark CO2 fixation. The Tillandsioideae show a pronounced division in photosynthetic pathway with the (ri/zmania viresea and
catopsis species and some Tillandsia speci< - having CVlike 813C values and
occupying shady (and moister) sites.
Tillandsia species from exposed sites
generally had 813C values indicating
dark CO2 fixation.
These results indicate that the xerophytic Bromeliaceae were apparently
dependent on dark C02 fixation for
th. The only exception to a clear
distinction between the C3 and the CAM

1N S T IT V T 1O N

(denoting dark CO2 fixation and high
813C value) members of the family was
(he mania monostachia, which is apparently physiologically flexible and can use
both pathways. However, growth seemed
to be associated with carbon fixed
through the C3 pathway in the specimen
measured in this study.
All species with the high (C4-like)
818C values came from dry epiphytic or
terrestrial habitats where dark C02 fixation is presumably an ecologically advantageous attribute. One advantage is
in the water relations of the plants, as it
has been shown that CAM plants have
a higher water-use efficiency than C3
plants (Neales et al., 1958). It is not
possible, however, to separate this physiological feature from morphological features, and most morphological characteristics that have appeared several times
within the group are associated with
succulence. Epiphytism is also common
and has involved substantial changes in
morphology, dispersion patterns, and
root function. The loss of some features,
such as functional roots, is associated
with the development of others, such as
leaf absorption of water.
From the information about the photosynthetic pathways and the physiology
and morphology of the Bromeliaceae,
three well-defined ecological groups
within the family can be identified.
Furthermore, an evolutionary pattern
can be proposed to account for the variation in plant behavior, which may also
indicate a direction of dispersal along
an aridity gradient from 1 to 2 to 3, as

-0.3
/g
31. Dark C02 Fixation and Malate Accumulation Mal
in ate
Bromeliaceae*
Fresh Weight,
Drv Wt.
Netco2
Dark
Not
/xmoles
X 100
4.8
Fixation
Fresh Wt.
Accumulation
Species
am
27.5
18.0
Gttzmania mono* tachia
+
2.3
32.3
—
2.0
30.7
Vriesea platyru ma
12.3
—
3.5
8.8
20.1
T&andsia adpressiflora
41.8
10,1
9.9
+
6.8
TiQandt ia polystachia
31.9
15.3
45.8
BromeUa hwnilii
+
39.0
Temperature in darkness, 15°C.
TABLE

pm
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32. Hypothesis to Describe Plant Behavior in the Bromeliaceae
Ecological Type;

Ecological Site
wet

mesophytic
intermediate
xerophytic

wet to semiarid
arid, high light

Photosynthetic System

Ca or CAM
CAM

Plant habit, epiphytic and/or terrestrial.
shown in Table 32. Although some species are designated CAM, it may be
possible for them to assume a state in
which the C3 pathway provides the primary role in fixation of exogenous C02.
Conclusion
The

close correlation between

dark

C02 fixation and carbon isotope ratio
which has been established in this study
provides further evidence for the interpretation of carbon isotope ratios in
CAM plants. The use of the ratio to
determine photosynthetic behavior in the
Bromeliaceae has provided further evidence toward establishing the ecological
significance of CAM metabolism. Species with high 813C values and showingdark C02 fixation came from dry epiphytic or terrestrial habitats.
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WET
HAW'

TREE-FORM
TROPICAL
All

R. W. Pearcy1 and John H. Troughton

It is generally considered that plants
with the C4 pathway of photosynthesis
are preferentially found in warm arid
areas. However, physiological measure-

ments on a wide variety of C4 species
have yet to produce any evidence to justify the exclusion of C4 plants from ecological sites that are cold and or wet.
department of Biological Sciences, State Indeed, there is evidence for the natural
University of New York, Albany, New York. occurrence and growth of C4 plants in
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wet sites and at low temperatures (this
Year Book), although in the Baja and
Chile study there was a significant lack
oi 04 plants in cool arid environments
i this Year Book). One explanation for
the lack oi C4 plants in wet tropical
areas or cool dry areas may be associated
with life form. For example, there were
no C4 deciduous plants in the Baja and
Chile surveys in a climatic zone where
C3 deciduous plants were dominant.
Furthermore, until this survey of the
Hawaiian Euphorbiaceae, no tree-form
Gj species were known. Smith and Epstein 1 1971) had reported that Philadelphus microphyllus, a woody shrub or
tree, had a 818C value of — 17.1%©, which
wotdd indicate C4 metabolism. To investigate this possibility, the carbon isotope
ratios of three Philadelphia species were
measured; the values were Philadelphus
microphyllus (A. Gray) var. occidentalis
A. Nels) Hitcha, —28.3',,; P. microphyllus subsp. stromineus (Rydb),
— 24.7V : and P. lewisii (Pursh) var.
enh'iornicus (Gray). — 26.2#r. All these
values are indicative of C3 metabolism.
Some of the Hawaiian species of Euphorbia have a tree life form and occur
in wet habitats. Most species are of the
subgenus Chamaesyce, which has been
previously shown to have C4 members.
Welkie and Caldwell (1970) examined
79 species for leaf anatomy, and half the
s had Kranz anatomy, characteristic of the C4 pathway. Measurements of
compensation points showed low
values in species with Kranz anatomy,
five species in the subgenus Chamaesyce
Raf., and high values in five species
lacking Kranz anatomy in the subgenus
'ina (Raf.) House and Poinsettia
Graham) (Moss, Krenzer, and Brun,
1969).
Tl 1 split in the Euphorbiaceae on the
basis of carbon metabolism shows some
indications of an association with particular climatic zones. Members of the
subgenus Chamaesyce have the C4 pathway and are generally found in arid
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areas. The C;i members of the Euphorbiaceae are considered to have come
from more moist regions, and this distribution is consistent with the ecological
distribution of C3 and C4 plants. The
climate of the Hawaiian Islands is tropical, with annual rainfall ranging from
10" to about 400" in different regions.
The more arid sites are similar to those
occupied by plants in the subgenus
Chamaesyce in other parts of the world.
These arid sites, however, are in close
proximity to high-rainfall regions that
support tropical rainforests. They are
excellent sites for investigating the possible evolutionary adaptation of C4
plants to wet tropical areas because they
all lie within the same small geographical
area, yet they vary greatly in rainfall.
In this survey the photosynthetic pathway in some Hawaiian members of the
Euphorbiaceae is examined, using anatomical and carbon isotope ratio criteria.
The list of species examined, their leaf
anatomy, carbon isotope ratio, and ecological habitat are listed in Table 33.
All species had the C4 pathway of photosynthesis asdetermined by the high 813C
values. Further evidence for this conclusion isprovided by the exclusive presence
of Kranz leaf anatomy. The data on the
habitat occupied by these species establishes that plants with the C4 pathway
can occupy a wide range of moisture
conditions in Hawaii (Carlquist, 1970).
Euphorbia degenerii (Sherff) Craiz and
Deg occurs in the arid dune zone close
to the oceans, whereas Euphorbia rockii
(C. N. Forbes) Croizat and Degener
grows only in rainforests.
The life form of the Hawaiian Euphorbias examined showed substantial
variation between species in contrasting
habitats. For example, E. degenerii forms
mats; has small, succulent, rounded
leaves; and never becomes woody. At
the other extreme, E. rockii is up to 7.6 m
tall, with a trunk up to 15 cm in diameter
and leaves as long as 15 cm. E. celasIroides has one variety, a?nplectens, a
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TABLE

E. atoto

33. Carbon Isotope Ratios, Leaf Anatomy, Life Form, and Habitats
of Some Hawaiian Euphorbia
3l3C Value
Habitat
Species
«,*
— 12.4
Small
shrub.
[May
be progenitor
Hawaiian Euphorbia.]

of

E. atrococoa
E. ciusiaefolia

— 12.5
— 12.2

Shrub to small trees; no habitat given.
Small shrub; shady woods and arid hillsides.

E. celastroides var amplectens

— 13.1

E. celastroides var humbertii
E. celastroides var kaenana
E. celastroides var lorifolia

— 12.4
— 12.1
— 12.3

E. celastroides var mauiensis
E. degeneri

— 13.3
-12.8
— 12.9
— 13.5

Prostrate
or erect shrub; arid rocky
slopes.
Shrub; ledges and grassy slope.-.
Shrub; arid talus slopes near ocean.
Small shrub, 1-2 m tall; grassy hilltops
to open forests.
Shrub to small tree; arid hillsides.
Small, prostrate shrub; beaches and sand
dunes.

E. forbesii
E. hillebrandii
E. hookerii
E. multiformis var manoana

—
—
—
—
—

E. multiformis var microphylla

— 12.1

Herbaceous; wet, moderately open sites
to rain forests.

E.
E.
E.
E.

— 14.4
— 13.2
— 13.4
—-13.1
12.7

Tree, 6-9 m tall; dry shrubby slopes.
Long-branched erect shrub; sunny gulch.
Small shrub; bogs.
Sprawling shrub; moderately rainy
shrubby ridge.

E. rockii

— 12.8

Shrub to small tree; rainforest.

E. skottsbergii var audens
E. taitensis

— 12.0
— 12.2

Prostrate shrub; arid sites, near coast.
Tahiti, no habitat given [May be progenitor of Hawaiian Euphorbias (11). ]

olowaluana var gracilis
remyi
remyi var olokelensis
remyi var kahiliana

12.8
13.1
12.1
13.4
12.6

Erect shrub; moist to wet forests.
Shrub, 1-2 m tall; moderately dry to
rainy woods.
Shrub, 1-2 m tall; open, dry woody slopes.
Low spreading shrub; cliffs and ledges
near ocean.

"All species have Kranz anatomy.

low, wiry, mat-like shrub, var. lorifolia
that is more shrub-like and is present in
moister areas, and another variety,
mauiensis, which is woody, tree-like, and
occurs in wetter areas. E. celastroides
var. amplectens under some conditions
is a drought-deciduous shrub which can
live on stored water in the stem. Another
C4 species E. remyi is a liana, and one
variety, molesta (presumed to be C4;
not tested), can grow with its roots perpetually inwater.
This evidence indicates that C4 photosynthesis can occur in a wide range of
plant life forms that can occupy wet
forest or dry habitats. The lack of reports of C4 plants in tropical and temperate forests other than Hawaii may be

associated with an inability to compete
with C3 plants. One cause of the competitive success of C3 plants may be historical, inthat C4 plants would have to
invade established C3 forest communities. Slow rates of colonization typical
of islands (MacArthur, 1973) probably
resulted initially in few competitive
interactions. Native Hawaiian Euphorbias appear to have evolved from a common ancestor, perhaps similar to the
coastal strand species currently present
(Fosberg, 1948). After colonization of
the Hawaiian Islands, Euphorbia may
have invaded mesic and wet habitats and
evolved suitable growth forms in the
absence of severe competition. The subsequent increase in competition from C3
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plants has failed to displace these species. Thus, if C< plants can become
established in wet habitats and can
evolve suitable growth forms, they appear to be effective in competition with
Ca plants in these habitats.
The results also have implications for
the development oi a hypothesis to explain the evolutionary development of
the C4 pathway. In the Hawaiian situation the lack of competition from C3
species apparently allowed the development oi diverse life-forms among C4
plants.
It is suggested that the C4 pathway
may also have arisen under conditions
of reduced competition from C3 plants.
Aridity (which is often associated with
high temperatures) may have been significant in reducing the population and
>izr oi the C3 plants and weakening the
open community structure, which would
allow invasion of new species fitted to
the environment. Sporadic and unpredictable rain in an arid site would create
a favorable situation for growth for
limited periods. We hypothesize that
one center in which the C4 pathway may
have arisen was arid areas where water
- plentiful for restricted periods during high temperatures.
Conclusion
The Hawaiian species of Euphorbia L.
provide evidence that the C4 pathway of
photosynthesis can occur in droughtdeciduous shrubs and in woody tree-like
PHOTO

SYNTHETIC
C4
AND

INSTITUTION

plant forms. C4 Euphorbias can grow in
areas that have up to 400 inches of rainfall, or even with their roots permanently
in water. Although the Euphorbia sp.
occupies a range of ecological sites from
arid to wet, with variation in leaf form
from small and succulent to large and
leathery, the plants have retained Kranz
Leaf anatomy and the C4 pathway of
carbon metabolism.
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in several plant families. Its absence in
lower plants and gymnosperms suggested
it arose late in the evolution of plants,
and this is further substantiated by its
presence in the more recently developed
species of the genus Atriplex (Bjorkman
etal, 1974).
It has been proposed that the timing
of the evolution of the C4 pathway and
its geographical distribution could be
measured directly using the carbon isotope ratio technique (Troughton, 1971).
This method was used to analyze the
photosynthetic pathway involved in the
fixation of C02 to produce the carbon in
coal deposits covering the Pliocene to
Permian periods. These measurements
gave S13C values close to those expected
for a C3 plant and were taken as evidence that the C3 pathway was present
during these geological periods and was
responsible for the fixation of carbon in
the coal. The technique was not restricted to coal; wood and pollen, as well
as coal material, all from the Permian
era, gave similar S13C values of — 25.1,
— 22.5, and — 25.1%c, respectively
(Troughton, 1971).
Evidence from these coal studies does
not exclude the possibility that the C4
pathway coexisted with the C3 pathway
over the same period, and it would be
desirable to obtain carbon from geological deposits preserving remains of C4
plants. There is a tendency for C4 plants
to be more numerous in arid environments which may prevent the normal
development of substantial carbon deposits. However, a series of unique cave
deposits in western North America provides abundant plant material with
radiocarbon ages spanning the past
40,000 years (Wells, 1969). As reported
in this paper, investigations have been
made of the carbon isotope ratios in
leaves or fruits of a C4 species of saltbush, Atriplex conf ertif olia (T. and F.)
Wats., which have been recovered in a
well-preserved condition from dry caves
in the Mojave Desert sector of southern
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Nevada (Wells and Jorgensen, 1904;
Wells and Berger, 1967). Materia] of
this species from a living individual
growing in the area and from subfossi]
deposits 10,000 years old and more than
40,000
study. years old were analyzed in this
To further investigate photosynthetic
mechanisms responsible for carbon accumulation inprevious climatic periods,
carbon isotope ratios were determined
on a Crassulacean Acid Metabolism
(CAM) plant, a prickly-pear cactus
(Opuntia polyacantha Haw.), present in
the same Nevada caves. These measurements were of special interest because
it has been shown that the carbon pathway and carbon isotope ratio in some
CAM plants can be manipulated by
environmental features such as night
temperature, salinity, day length, and
water stress (Allaway et al., 1973; Osmond et al., 1973). Consequently, gross
changes in the environment during geological time may influence the relative
importance of the C3 or CAM nature of
the photosynthetic mechanisms of
Opuntia polyacantha.
Significantly different environments
are indicated by the two ancient Neotonia middens of different age from near
Frenchman Flat, Nevada, which contain
the Opuntia and Atriplex material used
in the present study. The difference is
superficially obscured because both deposits show a predominance of the woodland conifer (C3) Juniperus osteosperma
and thus document pluvial conditions
dramatically cooler and moister than the
extremely arid desert climate that now
prevails at these and other low elevation
sites throughout the Mojave Desert region (Wells, 1967). However, the deposit
with an indeterminate radiocarbon age
of greater than 40,000 years (UCLA
557) has a very low representation of
the xerophytic CAM and C4 plants
(Opuntia and Atriplex) but contains
abundant remains of a C3 plant, cliff rose
(Cowania
mexicana),
a characteristic
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TABLE

34. Carbon Isotope Ratios of Present-Day and Ancient Leaves and
8"C
oi Atriplex conferti folia

MtO

Radiocarbon Age (UCLA)
Present day

Ranger Mountains. Nevada

Mercury Ridge, Nevada

13.4

10,000 db 160 years

it can be predicted that the S13C value of
CAM plants could alter over the same
period, from a more C3-like value
(— 27%«) to a more C4-like number
(— 13%0) (Allaway et al, 1973). The
results test this prediction.
The leaf material was collected from
cave deposits and was carbon dated
using procedures described by Wells and
Berger (1967). There was a possibility
of >ome contamination of the sample by
carbon from other sources, but in the
results reported here there was no pretreatment of the sample, and the results
suggest it may not be essential for the
object of this study.
It has previously been shown that twro
carbon pathways occur within the Atriplex genus (Bjorkman et al., 1973; Osmond et al., 1969) and that the carbon
isotope ratio technique distinguishes between Ca and C4 members of this genus

TABU]

-14.8

Fruits
- 6.2
Val1ue,
%0
-

> 40,000 years

woodland shrub. In contrast, the 10,000
year old deposit (UCLA 160) has a relatively abundant content of Opuntia and
Atriplex but lacks the cliff rose. The
substantial quantitative difference in
floristic composition between the two
deposits suggests a cooler or wetter climate for the older record. It is also of
special interest that the reduction in the
abundance of the C3 plant cliff rose was
associated with increasing aridity.
On the basis of this climatic change

(Bjorkman et al., 1973; Troughton et al.,
1971). From the carbon isotope ratio of
the present-day sample (Table 34) it is
evident that Atriplex conjertijolia is a C4
plant. The S18C values of —16.2%, for
10,000 yr old and —13.4%, for > 40,000
year old samples (Table 34), confirm
our expectations that this Atriplex species was operating the C4 pathway >
40,000 years ago. The results also show
there were no other sources of carbon
contaminating the samples.
For the CAM plant Opuntia polyacantha a S13C value of — 21.9%o was
measured for a > 40,000 year old specimen and —13.9%, for a 10,000 year old
sample (Table 35). This shift in 813C
value from a C3-like to a C4-like number
is consistent with the prediction that the
climatic change over this period would
induce a change in the photosynthetic
mechanism in CAM plants.
The C4-like carbon isotope ratios in
CAM plants have been interpreted as
indicating both the capacity for dark
C02 fixation involving phosphoenolpyruvate carboxylase (PEP carboxylase) and
the lack of significant C02 exchange in
the light over long periods. Several environmental features may influence the
CAM behavior of the plants in natural
environments. Night temperature may
enhance acid formation in the dark and
may influence C02 exchange in the light,

-13.9
35. Carbon Isotope Ratios of Ancient Samples of the CAM Plant-21.
S13C Values,9 %0
Opuntia polyacantha
Radiocarbon Age (UCLA)
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Ranger Mountains, Nevada
Mercury Ridge, Nevada

10,000 db 160 years
> 40,000 years
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of the influence of

temperature on the 813C value of four
CAM plants indicated a small (3%)
change over the range 15 to 40 °C
(Troughton and Card, in preparation).
Water stress was previously shown to
be a significant factor in influencing the
carbon isotope ratio in a Kalanchoe sp.
(Allaway et al., 1973; Osmond et al.,
1973). This may act to increase dark
C02 fixation and reduce C02 exchange
in the light through an effect of water
stress on stomatal resistance (Troughton, 1969). The effectiveness of CAM
metabolism in maintaining higher wateruse efficiency than C8 and C4 plants
would be maximized under conditions of
high stomatal resistance and therefore
low C02 and H20 vapor exchange
(Troughton, 1969) during the light period when potential evaporation is highest due to high radiation, high temperature, and low specific humidity. High
water-use efficiency is achieved by taking up C02 at night by the PEP carboxylase reaction and maintaining a
relatively closed system in the light during transfer of carbon from the C4 acids
to the C3 pathway. These same conditions favor minimal isotope fractionation
during carboxylation because PEP carboxylase is involved. This is further
supported by the high correlation between dark C02 fixation, C4-like 813C
values, and aridity of the site established
in an investigation of photosynthetic
behavior in the Bromeliaceae (Medina,
1974). In this respect the carbon isotope
ratio in CAM plants may be used as an
indicator of the water regime of a site.
The radiocarbon-dated record of former vegetation preserved in cave deposits
over much of the Mojave Desert documents a major shift in climate from relatively cool, moist woodland conditions
to an extremely warm, arid desert environment after about 9000 years ago.
Deposits older than 9,000 years consistently show abundant remains of
woodland
conifers,
whereas
deposits

younger than about 8000 years; contain
a record of warm desert scrub. The
vegetational change corresponds; to a
temperature increase of roughly 5°C,
and a decrease in annual precipitation of
perhaps 20 centimeters in going from
full-glacial woodland to postglacial desert (Wells and Jorgensen, 1964). On the
other hand, climatic changes within the
pluvial woodland period from 9000 to
> 40,000 year old deposits located near
Frenchman Flat are significant but indicate adegree of climatic change perhaps
an order of magnitude less than the contrast between the full-glacial pluvial
woodland and the postglacial desert
conditions.
Assuming that the 813C values of the
> 40,000 and 10,000 year old samples
are indicative of their photosynthetic
mechanism and water-use efficiency, then
these results provide further evidence of
increasing dryness of the Nevada site.
The presence of the C4 species of Atriplex at both times is evidence for arid
conditions throughout the entire period.
C4 plants have a lower intracellular resistance toC02 exchange than C3 plants,
which is apparently responsible for the
higher water-use efficiency in these species than in C3 plants (Osmond et al,
1969). The evidence that the C4 species
Atriplex conjertifolia was much more
abundant in the 10,000 year old deposit
can be taken as an indication of especially warm and dry conditions toward
the close of the last major glacial state
of the Pleistocene. Presumably, the shift
from C3 to Qt-like carbon isotope ratios
in the CAM plant Opuntia polyacantha
also indicates that the Frenchman Flat
area was already more arid about 10.000
years ago, even a millennium or more
before the local demise of the pluvial
juniper woodlands.
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A triplex

buchananii

John H. Troughton and K. A Card1

Atriplex iChenopodiaceae) is world
wide, but only one species, A. buchananii
i Kirk i Chesm.. and one subspecies, A.
hastata L. ssp. novae zelandiae Aellen,
are indigenous to New Zealand (Allan,
1961 1. Atriplex buchananii (as Chenopodium buchanani) was discovered by
•1 Buchanan at Port Nicholson, Wellington, in 1868 i Kirk. 1890). Subsequently,
the species was reported in extensive
areas of the Maniototo Plains, Otago,
ssociated with salt patches.
It was the first indigenous plant in
\'< v Zealand reported to have the C4
pathway of photosynthesis (Troughton
et al., 1971). The possession of the C4
pathway, the tolerance to salinity, and
ite growth at low latitudes encouraged
1 Physics and Engineering Laboratory, Departmenl of Scientific and Industrial Research,
Private Bag. Lower Hutt, New Zealand.

the study of the leaf anatomy of A.
buchananii described in this paper.
The seed of A. buchananii originated
from plants from the south bank of the
Rakaia river mouth. Plants were grown
from seed under a light level of 300 W
m~2 (600-700 nm) ; relative humidity,
85% ; day length, 12 hours; and in perlitc
with Hoaglands solution. The plants
flowered under these conditions.
Leaf surfaces were studied by mounting a fresh specimen onto a stub and
viewing as quickly as possible after
evacuating the scanning electron microscope. Other leaf material was frozen in
freon, freeze-dried at about — 35°C for
20 hours, and coated with about 20 nm
of carbon and 20 nm of gold-palladium.
For the internal leaf anatomy, leaf
strips 1 mm wide were fixed by vacuum
infiltrating for 1 to IV2 hours with Karnovskys half-strength glutaldehyde-for-

DEPARTMENT

OF

PLANT

HIOLOCY

msr^

817

Fig. 101. A. Epidermal bladders on the adaxial surface of a young leaf of A. buchananii (X200V
B. Epidermal bladders on the adaxial surface of an old leaf of A. buchananii (X200).

maldehyde fixative (Karnovsky, 1965) ;
rinsed for 1 hour in 4 changes of 0.1 M
phosphate buffer, pH 7; post-fixed for
2 hours in 1% osmic tetroxide in 0.1 M
phosphate buffer, pH 7; and then rinsed

as before. Dehydration was carried out
in ethanol and 1,2, epoxypropane.
The
dehydrated
leaf strips were infiltrated
overnight and then embedded in epoxy
resin E. R. L. 4206 (Spurr, 1969). For
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FiK 102. A Wax plates on the epidermal cells of the adaxial leaf surface of a mature leaf. The
i U below the level of the surface of the epidermal cells (X2500). B. Electron micrograph of
tioD of guard cf-)\~ of a Ho-'-d stoma (X6000).

DEPARTMENT

O F

PLAN

T

B I 0 I, O G Y

819

Fig. 103. Transverse section of the leaf with several stomata present in the epidermis (X400)

examination with the light microscope,
thick sections were cut, floated on a drop
of water on a microscope slide, and dried
over a flame. They were stained in Thionine solution (Sievers, 1971) for 5 minutes at 70 °C and counterstained with
equal volumes of 1% safranin and 0.1 N
NaOH freshly mixed. For the electron
microscope, thin sections were cut with
an LKB ultramicrotome using glass
knives, stained with Reynolds lead
citrate (Reynolds, 1963) and post-stained
with uranyl nitrate.
Atriplex buchananii occurs from 41°
to 46°S. A distribution was established
from herbarium specimens, and although
they are not exhaustive, they indicate a
discontinuous distribution in inland
Otago and coastal Southland, Otago,
Canterbury, Nelson, and Wellington.
There is a tendency for the sites to be

arid and/or saline, with a lack of competition from other species.
Leaves of all ages were covered with
bladders on both surfaces similar to
those described by Black (1954) on two
species of Atriplex from Australia and
by Brian and Cattlin (1968) on Chenopodia album L. (Fig. 101A and B). An
old leaf has fewer bladders per unit leaf
area than a young leaf because new
bladders are not formed during leaf expansion. After six weeks growth the
volume of the bladders doubled. There
was no evidence that bladders had burst
or that they were lost from the leaf.
Other important surface features on
the epidermal cells were the wax plates
which cover all surfaces, including the
bladder (Fig. 102A), and the sunken
stomata. The electron micrograph (Fig.
102B) shows a closed stoma and the
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partial development
of a cutieular lip The leaves had Kranz-type leaf anatover the guard cells and a smaller lip omy
(Fig, 103). A definition of this
on the substernal al cavity side oi the type of leaf anatomy in Atriplex was
Numerous mitochondria are pres- given by Frankton and Bassett (1970).
cut in the guard cells.
The bundle-sheath cells were well devel-

Pig 101. A. Chloroplasts in the mesophyll cell (X6600). B. Chloroplasts from
showing t£\.tr\u] stacks and the peripheral reticulum f/21.800).

the me.sophyll
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Fig. 105. A. Chloroplasts in the bundle-sheath cells (X6400). B. Bundle-sheath cell chloroplasts
with granal stacks (X 44,500).

oped and occupied a substantial portion
of the leaf. Chloroplasts within the mesophyll cells (Fig. 104A) were closely associated with the cell wall, while in the
bundle-sheath cells (Fig. 105A) they
were more densely packed, centripetally

organized, and occupied much of the cell.
The chloroplasts in the mesophyll were
about 8.0 fim long, and those in the
bundle-sheath were 15.0 jt*m. A peripheral reticulum was present in both types
of chloroplasts (Figs. 104B and 105B).

822

CARNEGIE

INSTITUTION

There were slightly more grana in the
grana] stacks in the mesophyll chloroplasts than in chloroplasts in the bundlesheath.

low water retention. Persistence of A.
buchananii on these sites will be associated with the annual habit of the plants
and characters associated with water

There were about eight times more
mitochondria and 30% more mitochondria per chloroplast in the bundle-sheath
than in the mesophyll cell. Peroxisomes
were present only in the bundle-sheath
cell.
Considerable variation occurs in the
ultrastructure oi cellular organelles in
C4 plants (Laetsch, 19711. In the Atriplex genus the differentiation is more
uniform (though it varies with age and
environmental conditions I. as observations in this study and in A. spongiosa
and A. rosea (Osmond et al., 1969;
Downton et al, 1969) have indicated.
There is some evidence for variation in
the peripheral reticulum. It was absent
in .4. rosea, present only in the mesophyll
chloroplasts in .4. spongiosa, but present
in chloroplasts from both cell types in
A. buchananii. The peripheral reticulum
has not been detected in material fixed
in KMnO-i and therefore may be due to
the techniques used to prepare specimens
for micro-copy. The peripheral reticulum is not unique to CVtype plants and
s been observed in one selection of
D tylis glomerata L. (Hilliard and
Wi st, 1971 i.
The occurrence of A. buchananii at
3 is of interest because it suggests
the plant is likely to tolerate a cool
environment. The summer annual habit
of A. buchananii, however, allows the
species to avoid the coldest periods of the
year, although mean day temperatures
in the hottest summer months were still

use. such as the waxy extra- cuticular
layer, the reflective nature of the bladders, small leaves, and stomatal characteristics. The characteristics of the
kinetics of carbon assimilation associated
with other C4 Atriplex species may also
be significant in water-use efficiency
(Osmond et a/., 1969).
The authors sincerely appreciate the
contribution of Miss B. H. Macmillan,
Botany Division, DSIR, who supplied
the .4. buchananii seed and the data on
its distribution.

relatively low at 18' ( '.
The ecological sites occupied by A.
buchananii are characterized by salinity
and low water availability. In the Central Otago sites, a low rainfall Capprox.
30 cm) contributes to aridity, while on
the gravel and rocky sites on the coast
the porosity of the substrate will cause
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ANATOMY

OF

Ephedra

niridis

F. H . Chang1 and John II . Troughton

Plants with C3 carbon metabolism
are common in hot, arid environments,
and persistence in arid areas generally
involves morphological adaptation. Leaf
anatomy adjusts by development of a
double palisade layer, but under more
arid conditions a deciduous habit is
common. Under extreme conditions,
photosynthetically active green stems
are common in stem-succulents (cacti)
and some shrubs but are perhaps most
fully developed in Ephedra. Extreme
aridity may even cause limited stem
death in Ephedra as a mechanism for
surviving prolonged drought.
The 35 species of Ephedra provide one
example of plants widely distributed
around the world but limited in their
ecological distribution to arid regions
(Chamberlain, 1935; Haupt, 1953; Foster
and Grifford, 1959) . Investigations reported here characterize stem anatomy
in this species to establish features that
may assist plant adaptation to aridity.
Ephedra niridis is a small, profusely
branching shrub with small, scale-like
leaves that are rudimentary and normally opposite, although a whorl of
three or four leaves has been observed
(Chamberlain, 1935; Foster and Grifford, 1959). The leaf trace is double
and extends into the leaf to form the
only vascular feature. The parallel veins
in the leaf resemble the Cordaite and
Conifers (Eames, 1952). The carbon isotope ratio of — 24.7%o for Ephedra niridis indicates it has the C3 pathway.
Materials and Methods
Seeds of Ephedra niridis were germinated in soil in a glass house. The seedlings were transplanted into perlite, fed
a modified Hoaglands nutrient solution
1 Botany Department, Victoria University of
Wellington, Private Bag, Wellington, New Zealand.

and grown in a controlled environment
cabinet. The photoperiod was; 12 hour.-:
temperature and humidity were 28 ±
1°C and 80% RH, respectively; and the
light, 250 W/m2 (400-700 nm), was
obtained with six HPLR mercury lamp-.
For transmission electron microscopy,
a 1.5 to 5 mm2 segment was cut from the
stem and placed in a phosphate-buffered
3% glutaldehyde and subsequently fixed
for 3 hours. After four changes of phosphate buffer (pH 7.1) the specimen was
post-fixed in 1% osmium tetroxide for
4 hours. An acetone series was used for
dehydration. Following two changes in
100% acetone, propylene oxide was used
before embedding in Spurrs resin (1969).
Sections were cut with an LKB-type
8021 ultratome. The specimens were
then double-stained with an alkaline lead
nitrate stain (Johnston and Looper,
1970) for about 30 minutes, followed by
Reynolds lead citrate (1963) stain for
another 10 minutes. A Zeiss EM 9 microscope was used to view the sections.
Stem material was prepared for scanning electron microscopy by freeze-drying. Small segments were frozen in freon
kept at liquid nitrogen temperatures
( — 190°C) and then transferred to
liquid nitrogen. The specimen was freezefractured and then freeze-dried at
— 70°C for 20 hours. After drying, the
specimens were mounted onto stubs and
coated with carbon and gold-palladium
under vacuum. The specimens were examined with a Cambridge II SEM.
Results and Discussion
As shown in Fig. 106 A, the stem usually has two traces. The two traces are
related to a single gap in the eustele and
remained distinct and unconnected
within
1955). the stem (Marden and Steeves.
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The epidermis is composed oi a single epidermal cell have also been described
layer of cells (Fig, 106A). Papilla-like in Ephedra foliata (Inamdar and Bhatt,
unicellular outgrowths
present in the
1972)
and in Welwitschia
mirabilis

I ig 106. A. Transverse section of the leaf showing two vascular bundles with papilla projected
on the surface of the epidermal cells; (X170). B. \V;ixy ;ippf;irance on the surface of the epidermal
cells. The sunken stoma us guarded with two slightly overarching subsidiary cells (X1320).
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Fig. 107. Two dividing columnar palisade cells in a young developing leaf which are immediately
below the epidermis. Small vesicles are abundant in the cytoplasm of the cells ( X8100). Abbreviations used in Figs. 107-110 are: C, chloroplast ; CW, cell wall; DT, dictyosome; ER. endoplasmic
reticulum; M, mitochondrion; N, nucleus; PA, phloem parenchyma; PG, plastoglobulus (osmiophilic
globule);
PL, plasmadesma; R, reticulum-like membrane; S, starch; SE, sieve element; A",
vesicles;
VA, vacuole.

(Bornman et al., 1972). The epidermal
cells are normally polygonal or isodiametric. Parallel rows of ridges occur on
the stem (Fig. 106A) , and a cuticle with
a waxy appearance covers the surface
(Fig. 106B).
The stomata occur in parallel rows
along the long axis of the stem. The stomata are sunken in contrast to stomata
on the upper surface of the stem of
Ephedra folia ta (Inamdar
and Bhatt,

1972). The subsidiary cells overarch the
sunken stomata (Fig. 106B). The stoma
of Ephedra is described by Eames 1 1952 )
and Pant and Mehra (1964) as a primitive haplocheilic type, whereas Gnetum
and Welwitschia have the syndetocheilic
type. It is reported by Inamdar and
Bhatt (1972) that the majority of the
stomata in Ephedra foliata are anomocytic, some with one subsidiary cell, or
paracytic.
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The palisade cells in the stem of arranged columnar cells (Bornman et al.}
Ephedra nitidis occur in two layers oi 1972). The rest of the stem contains two
regular columnar cells (Fig. 106A), In regions of vascular tissue and mesophyll
Welwitschia
mirabilis the palisade is cells,
composed oi 3 to 4 layers oi irregularly Figure 107 shows twro daughter pali-

Fig. 108. A. Mesophyll cella showing relatively large vacuoles and a distinctive nucleus (X5400)
B I hloroplasl in the mesopliyll cell (X47,800).
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Fig. 109. A. Mesophyll cell close to vascular bundle showing large vacuole (X 14,700). B. A higher
magnification of the chloroplast showing vesicles and reticulum-like membrane on the periphery
of the chloroplast (X47,800).

sade cells in a young developing Ephedra similar organelles. Small vesicles are
niridis stem. A thin cross-wall separates widely distributed in the dense cytothe dividing cells, and each cell contains
plasm. The nuclei in both daughter cells
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relatively small and surrounded by phase.
Chloroplasts and mitochondria
numerous dense structures. Dictyosomes are randomly distributed in the cells.
an abundant there and in endoplasmic The mature palisade cell (Fig. 108A)
ulum. indicating an actively growing has a prominent nucleus and large vacu-

Fig. 110. A. Vascular bundle in '!)<• leaf. Sieve element- surrounded by phloem parenchyma cells
X 10,650). B. Chloroplasl in phloem parenchyma cell ( / 83 .200).
0 '
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oles. Chloroplasts and mitochondria
were on the periphery of the cell wall.
Starch grains were large and abundant
in the chloroplasts (Fig. 109A). Endoplasmic reticulum (ER) and dictyosomes
are frequently seen in the cytoplasm,
and plasmadesmata were present.
A spongy mesophyll cell with electron
dense substances in the nucleus is shown
in Fig. 108B. An elongated, slender
chloroplast is closely associated with the
nucleus (Fig. 108B), and a vesicle-like
membrane structure was sometimes found
in the periphery of the chloroplast envelope (Fig. 109A) which resembled the
peripheral reticulum in the chloroplast of
the C4 plants. As was noted in the palisade mesophyll cell, the spongy mesophyll cell also had a large vacuole with
much rough ER in the cytoplasm. Plasmadesmata were present in walls between neighboring cells.
The grana of the palisade and spongy
mesophyll cell chloroplasts are not well
developed (Figs. 190A and 109B), but
the phloem parenchyma cell chloroplasts
showed even less granal development
(Fig. 110A).
There are two groupings of the vascular tissue in the Ephedra nitidis stem.
This arrangement is also present in the
needle of Corsican pine (Cambell, 1972).
The phloem of Ephedra niridis stem is
shown in Fig. HOB. The phloem parenchyma cells contained a few relatively
small chloroplasts with many dictyosomes. Fine strands of endoplasmic
reticulum crisscross the peripheral cytoplasm along the wall. A large nucleus
with fine granules can sometimes be
seen in the parenchyma cell. Plasmadesmata were found to traverse the cell
walls among the parenchyma cells. No
proteinaceous material or slime was observed in the phloem, and this lack of
intercellular material is also characteristic of Welwitschia mirabilis (Bornman,
1972).

Conclusion
The success of Ephedra in arid regions
is related to the gross morphological
features of the stem habit, and the partial
dieback of stems during extreme drought.
This behavior suggests dieback reduces
the surface area of the plant and is a
response to low water availability to the
plant. In less extreme conditions, growth
by stem photosynthesis will occur. The
tightly packed mesophyll cells and
sunken stomata are similar to some other
gymnosperms that are drought resistant,
and these characteristics may influence
the water relations of this species.
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TRANSPIRATION
RATE,
PLANT
WATER
STATUS,
AND
RESISTANCE
TO
WATER
FLOW
IN
T ide s t r o m % a obi o n g i f o I i a
John //. Troughton, S. E. Camacho B.,1 and A. E. HalfThe following equation was developed
to describe the influence of environmental factors on water loss (T) from
plant communities by Penman (19531
and Monteith (1965):
L T =

Kn +pC[e,{T) -e]/ra

A + y(l +r,/ra)

where L is latent heat of vaporization;
Rn. net radiation; pc, specific heat of air;
e8(T), saturation vapor pressure at leaf
temperature; e, vapor pressure of the air;
A. the slope of the saturation vapor pressure curve with respect to temperature;
y. the psychrometric constant; and rj
and r„ are plant and canopy resistances to
the loss of water vapor. This equation
predicts that transpiration will be
strongly dependent upon net radiation,
temperature, ambient humidity, and
factors such as wind speed that influence
the resistance to water loss from plant
communities.
The highest rates of potential evaporation occur at high windspeed, low
humidity, high temperatures, and high
radiation ; and all these conditions
occur in Death Valley, California. Plants
in thai environment in summer are frequently exposed to 9% RH, 45°-50°C
day temperature, high net radiation, and
high winds — conditions which result in
the g
~r evaporative demands plants
are likely to encounter under natural
ditions. Plants arc likely to show a
variety of responses to these environ1 Instituto Colombiano Agropecuario, Apartado Aero 7984, Bogota, D. K.. Colombia, 8. A.
1 Department of Plant Sciences, University of
California, Riverside, California.

mental conditions; and one plant, Tidestromia oblongifolia, can show active
growth under these conditions, indicating
that a high evaporative demand per se
is not detrimental to the physiological
processes of photosynthesis, respiration,
translocation, and cell division and
enlargement.
Plants may respond to high evaporative demand in several ways, but most
reactions will involve reduction in the
rate of water loss. For example, there
may be direct effects of humidity on
stomatal activity (Lange et al., 1971 ;
Schulze et al, 1972; Hall and Kaufmann,
1974), but this response would reduce
C02 uptake as well as water loss. An
alternative plant characteristic that is
also subject to selection pressure in these
environments is the resistance to water
flow through the plant. Under high
evaporative demands, to prevent development of low leaf water potentials and
maintain low stomatal resistances, a low
plant resistance to water flow is necessary to achieve a balance in the rate of
supply of water to the leaves and the
rate of water loss from the leaves. It is
known that under most desert conditions
the availability of water in the bulk soil
is the primary determinant of plant
water status, but more detailed information about the plant resistance in Tidestromia oblongifolia is important because
of the high water flux rates observed in
the field with this species.
Measurements of pressure bomb values as an indication of the water status
of T. oblongifolia growing naturally in
the field yielded low values (—27 bars)
when
evaporative
demand
was high,
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which may suggest a high resistance to
water flow within the plant. However,
soil water status may have been a primary determinant of plant water status,
since irrigated plants in the field did
not have pressure bomb values higher
than — 10 bars.
The laboratory investigations reported
here were directed toward establishing
the extent to which plant components in
T. oblongifolia may be responsible for
the development of low water potentials
under a high evaporative demand. Measurements of the transpiration rate of
several plants have been made concurrently with water potential measurements to facilitate the determination of
plant resistance to liquid water flow.
The transpiration rate was varied by
altering either the humidity of the air
or the light level.

situations. The transpiration rate of the
plants was measured
by weighing the
plant and pot. The pot was sealed in
plastic to ensure that all changes in
weight were due to water transpired by
the plant. The experiments were confined to one or two days and the rootwere kept in perlite, so it is unlikely that
unfavorable aeration of the roots could
have influenced the results. Changes in
plant weight between weighings were
likely to be insignificant.
For calibration of the bomb against
the isopiestic techniques for measuring
water potential, two leaves adjacent to
each other were taken at the same time,
one for each method. A range of leaf
water potentials (xj/i) was obtained by
cooling the roots and withholding water,
as attempts to produce variation in \p,
by varying humidity were not successful.

Methods

Results

Tidestromia oblongifolia plants were
grown from seed for two months under
controlled environment conditions. The

-8 comparison between
The results of the
Scholander bomb and isopiestic techniques are given in Fig. 111. A linear
\J
equation fitted the data with a correla-

plants wrere in perlite, well watered with
Hoaglands nutrient solution and with
1 inch of free Hoaglands solution surrounding the base of the pots. Light
level in the cabinets was 400 ^E m~2 s'1 ;
day length was 14 hours; humidity, 60% ;
and the day /night temperature cycle,
45/35 °C. At the time of the experiments
the plants had a diameter of 25 cm and
a leaf area of about 2 dm2, which is
similar to the size of plants in the field
during the peak summer months.
During the experimental period the
plants (tops and roots) were kept under
controlled conditions with a 42 °C day/
35 °C night temperature regime and at a
light level of 600 /xE m"2 s"1. All experiments were conducted at 42 °C. Water
potentials were measured with a Scholander bomb (Scholander et al., 1965)
and with an isopiestic thermocouple psychrometer which also allowed calibration
of the bomb technique for use in field
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Fig. 112. The dependence of leaf water potential measured with the isopiestic technique on
the transpiration rate for whole plants of laboratory-grown Tidi stromia oblongifolio.

tion coefficient of 0.959 (r), indicating a
close relationship between the two methods in estimating the water potential of
Tidestromia oblongifolio. The equation
obtained was ^iS0piestic = 0.955i//homb —
n.278.
These measurements allow interpretation of Scholander bomb measurements
previously made on field-grown Tidestromia oblongifoliu plants. Dawn pressure bomb values of —8.5 bars, measured
on plants outside the plant chamber,
decrease to the lowest value of —25
bars at mid-day, and if these values
are valid for the plant on which photosynthesis was measured, then they confirm the observation that water stress of
this magnitude in Tidestromia had a
relatively small effect on stomatal resistance or the cellular reactions of
photosynthesis.
Variation in the humidity of the air
sed substantia] variation in the rate
spiration, and the influence of this
on leaf water potential is shown in Fig.
112. The rate of transpiration varied
from 0.55 to 14.33 ,/g cm'2 of leaf s \
but the major feature of the results was

' the maximum range of leaf water
potential- was only .",.0 bars. A regression fitted t0 the data yielded the relationship 0,= -3.45 X l6"2r — 4.43 where
T is the transpiration rate. Thus dfa/dT
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=^ —0.0035 bars ,ug cm"2 s"1, indicating
that leaf water potential is essentially
independent of transpiration rate for
Tidestromia oblongifolio,. Apart from
the limitation that these results may not
be applicable for field-grown material,
the results indicate that the variation in
water potential from —8 to —25 bars
during the day in the field is likely to be
due to the resistance to movement of
water from the soil to the roots and not
to resistances in the plant.
The value of —8 bars for the dawn
value is at a lower potential than the
minimum value measured in the laboratory —3
(
to —4 bars) , and indicates a
soil water potential lower than that of
nutrient solution in perlite (— 0.9 bars).
The water potential of the leaves under
conditions of low transpiration produced
by a combination of darkness and atmosphere saturated with water, still deviated
from the potential of the solution surrounding the roots, irrespective of the
measuring technique. A value at zero
transpiration of 4.43 bars is predicted
from the linear regression of T against
<//,. Deviation between the predicted or
actual if/1 at zero transpiration and the
water potential of the media is discussed
by Stoker and Weatherley (1971) and
has been widely observed.
Water flow through plants can be
described by T = (\j/r — i]/i)/R where i/v
is the water potential at the root surface
and i?, the resistance to water flow
through the plant (Gradmann, 1928;
Van den Honert, 1948). This equation
predicts that the flux of water through
the plant is proportional to the potential
gradient and inversely proportional to
the resistance to flow. Where R is small,
\j/r — if/1 will also be small and high rates
of transpiration can occur without substantial reduction in \p,. The magnitude
of R for T. oblongifolio was calculated
using the equation and measurements of
\f/r, $ i, and T. A plant resistance of
1.72 X 102 bars cm"3 was obtained from
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the slope of the linear regression, and
using an average leaf area of 2 dm2.
Discussion
The response of Tidestromia oblongifolia to variation in evaporative demand
in Death Valley is likely to be variable
and to involve numerous environmental
and plant features. Excluded from consideration inthis paper, for example, are
the direct effect humidity may have on
stomatal resistance (Lange et al., 1971 ;
Schulze et al., 1972; Hall and Kaufmann,
1974) and the influence of soil water
potential on plant water potential.
The results indicate, however, that the
variation in water potential of plants in
the field from —8 to —25 bars is more
likely to be due to resistance to the
movement of water from the soil to the
roots than to resistances within the
plants. The dawn value supports this
contention, as the plant is likely to have
been in equilibrium with the bulk soil
water potential at that time, yet the
plant water potential was — 8 bars. During the day a potential difference between the bulk soil and root surface
could develop, and this would account
for values as high as — 25 bars (Lang
and Gardner, 1970) . This would be
analogous to the effect of drying out the
perlite, used to induce low water potentials in the plants used in this study.
The low resistance to water flow
through Tidestromia oblongifolia suggests that this component is unlikely to
cause significant reductions in leaf water
potential under natural conditions, assuming it is valid to extrapolate these
results to the field. However, low water
potentials were produced in these plants
in nutrient solution by altering the resistance to flow through the plants by
cooling the roots. For any one plant,
therefore, it is evident that the plant
resistance is not constant and, in particular, change in the root environment
may cause significant variation in the

root resistance to water flow. The importance of the root component of QQO
the
overall water flow through the plant will
depend on the relative magnitude- of
other components.
These; results clarify possible plant
responses to environmental factor.-, but
it is necessary to extend these measurements to field plants. Considerable variability between plants is expected, depending, for example, on their previous
history, stage of growth, shoot-to-root
ratio, root environment, and availability
of soil water. Consequently, the plant
resistance estimated for laboratorygrown plants will require confirmation
from field-grown plants.
Measurements of plant water potential—transpiration rate relationships for
numerous plant species have produced
considerable diversity in response patterns. The simple relationship, T =
(\f/r — \j/i) /R, predicts a linear relationship
between water potential gradient and
transpiration, and this has been observed
on several occasions. However, other
results suggest that either Ai// is relatively
independent of T or that there is a nonlinear relationship between the water
potential gradient and the transpiration
rate, which may suggest a variable plant
resistance to water flow.
Plant species in which the expected
(linear) relationship between the rate of
transpiration and water potential gradient has been observed include sunflower
(Cox, 1966; Neumann et al, 1974). corn
and soybean (Neumann et a/.. 1974 1.
Vigna sinensis L (Ende.) (Hailey et al.,
1973) , pepper (Janes, 1970; Barrs. 1973 I .
and pear (Camacho B. et al, 1974 1.
In contrast, many species, including
some in the previous category, have
shown relatively small effects of large
changes in transpiration on leaf water
potentials when the potential at the root
surface was assumed to be constant.
These include castor bean (Macklon and
Weatherley, 1965), cotton (Stoker and

834

CARNEGIE

INSTITUTION

Weatherley, 1971), sunflower (Stoker
and
Weatherley,
1971;
Barrs, 1973;
Camacho B. et ai, 1974 K corn (Barrs,
1973), ami pepper (Camacho B. et al.}
1974). Substantial nonlinearity in these
relationships has been observed in citrus
I lamacho B. et ai. 1974*. pepper (Barrs,
1973), cotton (Stoker and Weatherley,
1971), sunflower (Stoker and Weatherley, 1971), and cotton (Barrs, 1973).
The variability in response both within
and between species is undoubtedly due
partly to methodology and to environmental conditions of pretreatment and
measurement.

mates of the resistance to water flow
through T. oblongifolia are generally
smaller than those previously measured
in some other species. For example, they
are about one-fifth of the values determined for soybean, sunflower, and corn
(Neumann et al.} 1974). The range of

These relationships between transpiration rates and water potential gradients
have important implications for two
aspects of the investigation of plant resistances to water flow. First, there is

Conclusion

evidence that in some species this resistance isdependent on the transpiration
rate, and in other species it is not. Second, the variability in response within
species is as great as the variability between species, which makes it difficult to
s _ 'irate the species into categories. The
confusion over both these interpretations
would indicate the extent to which the
growing or measuring conditions can
interact with the genetic potential of a
species. Thus, plants are anatomically
or morphologically flexible, and for a
cziven plant the physiological components
in water transport, presumably root and
membrane characteristics, may furinfluence plant resistance through
temperature and aeration of the root
environment as well as the nutritional
and hormonal status of the plant.
We interpret the Tidestromia oblongifolia response as indicating a plant reindependent of the transpiration
but -bowing some variation between
plant-. The mean value for all plants
indicated a small change in potential
gradient with increasing transpiration
• sting a -mall resistance to
water flow within the plant. The esti-

values from 1 to 2 X 102 bars s cm"3 for
Tidestromia can be compared with values
of 9.2 and 5.1 X 102 bars s cm"3 for stem
and roots of sunflower and tomato, respectively (Jensen et al., 1961), and 3.3
X 102 bars s cm"3 for tobacco (Begg and
Turner, 1970).

These results for Tidestromia suggest
that the anatomical and physiological
characteristics of the pathway for water
flow within this plant have been subjected to environmental selection pressure, resulting in low plant resistance to
water flow. The ecological success of
Tidestromia in the Death Valley environment is controlled primarily by the
bulk soil water potential which will influence the germination of seeds and
determine survival of the seedlings. For
seedlings that survive in the desert
washes or wThere moisture is available,
the low plant resistance, coupled with
the physiological tolerance to heat and
water stress, allows this species to occupy
a unique seasonal ecological site. As in
most desert situations, however, modification of plant characteristics will only
partly compensate for the over-riding
importance of soil water availability in
determining the distribution, population,
plant size, and productivity of the
community.
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OF
SORGHUM
AT
TEMPERATURES

HIGH

John H. Troughton, Olle Bjorkman, and J . A. Berry

The environmental range of a plant is
normally restricted, but plant breeding
efforts are often directed at extending this
range yet maintaining economic yields.
For two severe limits to plant production,
drought and high temperature, it has
been necessary to develop assay systems
to routinely screen large numbers of
plants to select genotypes resistant to
these environmental extremes. Leaf disc
techniques which monitor conductivity as
an indicator of membrane characteristics
have been developed to evaluate drought
stress and heat tolerance and have been
shown to correlate well with tests on the
photosynthetic rate of leaves (Sullivan,
1972).
These techniques have identified several sorghum varieties which tolerate
both heat and drought, and further evaluation of these characteristics is possible
by growing the plants at high temperature. By removing as far as possible any

water stress, the heat tolerance of parameters such as leaf and tiller development
and growth rate can be investigated. In
these experiments, young sorghum plants
of a cool- and heat-tolerant strain were
grown in a naturally lit glasshouse with a
controlled air temperature of 45 °C for
eight daylight hours.
Methods
The heat-tolerant sorghum variety was
a selection from M 35-1, a strain from
India. Leaf disc tests of heat tolerance
in this variety indicated 33.2% injury
at 48 °C. The cool -tolerant variety
came from Dr. E. Johnson, CIMMYT,
Mexico, where they were scored for cold
tolerance at high altitudes, and further
selections were made on the same basis
by Dr. Eastin, University of Nebraska.
Seeds of both varieties were germinated with distilled water on filter paper
at 20 °C.

Subsequently the small seed-
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Fig. 113. The total leaf number per plant (solid circles, heat tolerant; open circles, cool tolerant) and total number of dead leaves per plant (solid triangles, heat tolerant; and open triangles,
cool tolerant) for the sorghum varieties.

lings were transferred to perlite with
Hoaglands solution. At this stage the
plants were kept in a growth room at
30°C. The plants were allowed to establish at this temperature for one week before the temperature was raised to 36°C
for four days. The seedlings, now at the
two-leaf stage, were transferred directly
to naturally lit glasshouses where temperature was controlled for 8 hours at
31°C night temperature, 8 hours at 45°C
during the high light period of the day,
and for two 4-hour periods of a graded
temperature between the two extremes.
One week was allowed for metabolic
adjustment of the plants to the high temperature conditions in the glasshouse
before the first harvest. The experiments
lasted 14 days during mid-May 1974 at
the Carnegie Institution laboratory at
Sr an ford. California.
Four harvests were made
of each
variety, at interval- of 4, 5, and 5 days.

Four plants of each variety were measured each harvest for tiller and leaf number and dry weight analysis. Dead and
living leaves were collected and roots and
tops (mainly leaves) separated to obtain
a root: shoot ratio. Some loss of roots
occurred during the extraction from perlite. As shown in Fig. 116 the total dry
weight per plant (g) increased exponentially during the experiments, and the
growth rate(s) in percent per day was
calculated as S = 100 (logeF2 — logeTPi)/
n, where n is the number of days between
harvests, W\ the initial total dry weight
per plant, and W2 the final total dry
weight per plant at each period (McCree
and Troughton, 1966).
Results and Discussion
The development of leaves and tillers
for the two varieties during the experimental period (Figs. 113 and
114)
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Fig. 114. The change in tiller number per
plant as a function of time for heat-tolerant
(closed circles) and cool-tolerant (open circles)
sorghum varieties.

indicate that these processes were not
substantially inhibited by the high temperatures. The large increase in total leaf
number during the last harvest period
was due to leaf development on the new
tillers. Some leaf death occurred, but this
may have been a consequence of the
heat shock accompanying the transfer
from 36° to 45 °C and only involved the
first two or three small leaves. In both
leaf and tiller development the two varieties responded in a similar manner. The
root: shoot ratio was also the same for
both varieties and was relatively constant
over the four harvests (Fig. 115).
The data on the change in total dry
weight per plant are given for the two
varieties in Fig. 116, and they indicate
that exponential growth occurred throughout the 14-day period. The growth rates
for each of the three intervals were cal-

Time, days

ol_

Fig. 116. o-The logarithm of the total dry
weight per plant (g) as a function of time for
two sorghum varieties, heat tolerant (closed
circles) and cool tolerant (open circles).
o -I

o>

dilated and are given in Fig. 117. The
mean growth rate for the three periods
was 19.5% day-1 for the heat-tolerant
19.7% day"1 for the coolvariety and
tolerant
variety. There were relatively
small variations in growth rate between
varieties at any one harvest
that were
-o
without a significant trend.
These measured growth rates for the
two sorghum varieties under natural light
conditions and with irrigation are unlikely to be maximum values for this spe1*
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Fig. 115. The root-to-shoot ratio on a dry
weight basis at four harvests for the heattolerant (solid circles) and cool-tolerant (open
circles) sorghum varieties.

Fig. 117. The rate of growth (% day"1) for
the heat (closed circles) and cool (open circles)
tolerant sorghum varieties for three harvest
periods of 4, 5, and 5 days duration. The first
harvest was on day 1. The rate of growth was
calculated from the total dry weight increment
per plant during each period.
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cies. The varieties were selected for performance athigh or low temperature and
not for growth rate per se; and even for
the heat-tolerant variety, the temperature was likely to be above the physiological optimum for growth. In spite of the
irrigation and high humidity there was
evidence oi leaf margin necrosis due to
water stress in the heat-tolerant variety
at the last harvest. This may account for
the decline in growth rate in this species
during the last period. Between the first
two periods this species had given evidence oi increasing adaptation to heat,
as the growth rate had increased from
18.89 to 22.7% day"1.
The similarity in growth rate between
the two species at high temperature
belied both their appearance
and the
sis for their choice as cool and heat tolerant. The heat -tolerant strain appeared
vigorous and had an extensive, healthylooking root system. In contrast, the
cool-tolerant variety had a substantial
proportion of dead roots, and the leaves
had a gray-green appearance with some
pigmentation.
The results establish that these two
Jium varieties are both heat-resistant
plants, as the 45 °C temperatures for 8
hours per day for 14 days are likely to be
some of the hottest temperatures consistently cnr-ountered under agricultural conditions. Furthermore, sorghum must be
considered a heat-tolerant plant because
LONG-TERM

INSTITUTION

it is likely that a substantial part of the
growth occurred during the hottest temperatures. However, the growth rates
only refer to plant responses in the seedling stage, and to fully test the heat
tolerance of these sorghum varieties it is
necessary to extend the measurements to
include both the flowering and seed production stages.
Conclusion
Sorghum is considered less heat tolerant than some millet or maize varieties,
but young plants are capable of growth
rates up to 22% day-1 at 45°C with natural light levels and day length. These
results provide evidence that commercial
crop plants may have the potential for
substantial growth outside their normal
environmental range.
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Long-term
stability is a feature of
many
natural
biological communities,
and the mechanisms which are responsible for this stability and which prevent
urce depletion are fundamental to an
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Industrial
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CDSIR).
Private
Bag,
t Hutt, New Zealand.
' Institute
of Nuclear 8cienc< s, DSIR, Private
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understanding of biological behavior and
productivity in both agricultural and natural systems. Increasing concern is being shown toward management procedures which may provide high yields in
the short term but which may deplete soil
nutrient resources, encourage erosion, and
change the soil environment to an extent
that it may not recover except in geologic
time
(Curry,
1971).
The
short-term
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damage which may result from man's
management is in contrast to natural
communities which may be constant over
millions of years and which fluctuate primarily in response to gross climatic
changes.
The behavior of plant communities
over millions of years cannot be studied
with conventional techniques, and in this
report we investigate the use of stable
isotopes in paleoecology as a means of
assessing plant behavior and environmental resources in ancient plant communities. There is an extensive range of
stable isotopes in plant material which
will "contain" information; the isotopes
likely to be of most value are C, H, 0, N2,
P, and S. Isotopes in paleoecology are
essentially used as tracers, and variation
in the isotope ratio of two stable elements
between pools in the ecocycle implies that
differential selection betwTeen isotopes has
occurred. The processes causing discrimination between isotopes may be physical,
as in diffusion, or chemical, including enzyme action, or more often a mixture
of both: but depending on the process, it
may leave an indelible "finger-print" in
the isotope record that will allow identification ofthe process involved. Isotope
fractionation may take place in ratelimiting reactions when the lighter isotope in a mixture will be preferred or in
equilibrium reactions in which heavier isotopes accumulate in the highest oxidation
states. Unless the causes of fractionation
are rigorously defined, isotope ratios will
be of little value and may even be misleading in investigating paleoecological
information.
Carbon
It is immediately apparent that variation in the carbon isotope ratios may be
useful in investigating the geographic
distribution of photosynthetic pathways
throughout geological time because of the
large difference in S13C value between C3
and C4 plants. The extent to which this

839
is possible, however, depends on a relatively stable (or known) 813C value of
atmospheric C02 and on the availability
of the appropriate plant remains. The
813C value of the atmosphere has been
relatively constant throughout geological
time, but the availability of C4 plant
remains is limited, perhaps because the
proportion of the total biomass fixed by
this pathway is small but also because C4
plants tend to occur in hot, arid regions
where plant material is readily oxidized.
Several examples of the usefulness of
S13C measurements in paleoecology are
now available. In one study, the similarity of the isotope ratios in coal and plants
was utilized to trace the photosynthetic
pathway responsible for the bulk of the
fixation of carbon in coal deposits
(Troughton, 1971). In this example, it
was established that the C3 pathway
dominated during the past 400 million
years. Extension of this type of analysis
to samples up to 3.9 billion years old suggested that the C3 pathway was operating
at that time (Oehler, Schopf, and Kvenvolden, 1972). That some of these ancient
samples gave S13C values of — 16%e does
not indicate that this was when photosynthesis started, as suggested by Cloud
(1974). Neither can the conclusion be
drawn that there was a C4 pathway at
that time, though it is not inconceivable
that an organism with PEP carboxylase
did exist. In view of the debatable origin
of this carbon, further speculation seems
unwarranted (Barghoorn, Troughton.
and Margulis, 1974).
A second example of S13C measurement
in paleoecology was its use in indicatingvariation in the proportion of the C3 and
C4 plants contributing to the soil organic
carbon at a Queensland, Australia, site
(Hendy et al, 1972). The S13C value
varied from about — 15%r to — 21%c with
increasing depth in the soil, which corresponded to an age variation from the
present to 14,000 years ago. The values
suggested increasing temperature and or
aridity, a shift from a C3- to a C4-
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dominated vegetation typo during the
period 14,000 to 8000 years ago.
It is interesting to compare these results
with a unique example utilizing CAM
plant remains from eaves in Nevada.
Over a period >40,000 to 10.000 years
the 81SC value oi Atriplex confcrtifolia (Gi) was relatively constant (about
— 14',, i while the value for Opuntia
polyacantha shifted from — 21.9%c to
—13.9 . We interpret these results as
indicating that there was increasing aridity oi the site, and this conclusion is supported by floristic changes during the
same period, with a reduction in a C3
species and an increase in the C4 Atriplex.
In New Zealand only a few native spe- have been shown to have a C4 pathway. These include Cyperus ustulatus,
Spinifex hirsutus, Zoysia minima, Paspalum distichum, Impcrata chesemanii,
1 chrus calyculatus, Theleoplyton billardieri. and Atriplex buchananii. Furthermore, asfar as is known, there were
no previous climatic periods which may
have encouraged a dominant C4 flora.
Kauri forests were more widespread
throughout New Zealand in past eras, and
although grasslands were associated with
these forests, the 813C value of grass
pollen associated with Kauri deposits was
— 30.1%*.
It can be assumed that the 813C values
-oil organic matter in New Zealand
will reflect the C3 pathway and wall vary
only from about —22 to — 30%. The C4
plant- have been introduced to soils which
have developed under native C3 vegetaThe S13C value of the soil should

TABLE

Top-oil

Subsoil
Plant
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change, depending on differences in 813C
value between the plants and soil organic
matter and the proportion of new plant
material added to the soil each year.
Table 36 shows the effect of growing one
crop of the C4 species Pennisetum clandestinum on the carbon isotope ratio of
soil organic matter.
Peats in which there is a small but continuing contribution from mosses with
relatively low 813C value (ca. — 31%o)
should have low 813C values. It should be
possible from such values to determine
the relative contribution of mosses and
higher plants which normally have a
somewhat higher 813C value. This would
supplement information from pollen
analyses, which by themselves may be
misleading. There is not necessarily a
close correlation between the amount of
pollen deposited and the amount of plant
debris contributing to peat formation;
moreover, some pollen may originate
from plants growing elsewhere and be
brought to the peat by adventitious factors, such as wind and water. The data in
Table 37, for example, suggest that
Sphagnum was possibly not the main
source of peat in the Ewe Burn deposit
because the 818C value is less negative
than that for moss; but the presence of
Gleichenia spores (forming 34% relative
to the tree pollen) in the Turangi peat is
complemented by the S13C value, for
Gleichenia also has a value of — 27.0%o.
Similarly, the value for the forest peat
has a value close to that of forest vegetation. If the flora of a peat-forming area
is known, it may also be possible to eval-

36. Values of 513C for Soil Carbon under Plants (Leptospermum ericoides) with a C3
Mf-tabolism and from the Same Soil after the Growth of a C4 Plant
(Kiky grass, Pennisetum clandestinum)
-2
Leptospermum sp.-27.3
-27.%o
4
Depth (cm)
5"C,
-30.8
0-5
5.5-60

Pennisetum sp.

0-10

Depth (cm)

49-55

6.
-25.13
-12.5

B13C, %0

■<:, %i
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TABLE
Description of Sample

37. Values of 8,3C for Peat Carbon
Locality
Depth of Age

Sphagnum peat

250 cm

Ewe Burn Reserve

—27.7

Brown wood peat

180 cm

Moa Swamp, Motukarara

—27.9

Near Turangi

-27.0

Peat with Gleichenia spores,
Hypolaena, and Sphagnum

c. 1800 yrs B.P.

uate the relative contribution of different species if their S13C values vary. The
values of five common fen plants growing
at Wicken Fen, England, are shown in
Table 38, as well as the value for two
depths of the fen peat. It has generally
been thought that the sedge Cladium
mariscus has been the greatest contributor to peat formation in these fens. However, the values suggest that other sedges,
such as Calex appropincuata, may be at
least as important.
All these conclusions establish that
there has been little fractionation in the
organic material since it was deposited as
dead plant debris. The fact of organic
accumulation implies limited rates of decomposition during which time biochemical fractionation could take place.
In most profiles of mineral soils, however, there appears to be a change in 813C
values with increasing age and increasing
depth in the soil profile. While this could
be interpreted as a result of a change in
vegetation, it is seen in soils which are
known to have the same vegetation over
a long period of time. Furthermore, it
TABLE

38. Values of 513C for Plants and
Peat
from Wicken Fen, England §13C, %0

Description of Sample
Fen Plants
Cladium mariscus
Molinia caerula
Typha latifolia
Carex appropinquata
Phragmites communis
Peat Samples
Radiocarbon age. 1800 yrs B.P.
Radiocarbon age. 3000 yrs B.P.

-27.5
-25.8
-28.1
-26.3
-26.1
-26.6
-26.6

appears to be a consistent trend, which
would require the further assumption
that all vegetation changes involve a
replacement of plants with a relatively
low S13C value by plants with a relatively
high S13C value, and there is no reason to
suppose this is so.
In New Zealand, topsoil values for
S13C generally range between — 24% f and
— 28%o, whereas subsoil values are general y — 26%o or less, and there is a fairly
consistent difference of about l—2%c between the topsoil and subsoil for most
soils (Table 39) . Although these differences might possibly be due to changes in
vegetation reflected in the original S13C
value of the plant debris, it seems more
reasonable to conclude that the differences reflect a slight but significant fractionation ofsoil organic matter with time.
This is consistent with the evidence, for
example, of the dead algal mats and with
the fractionation achieved by the bacterial decomposition of methanol.
One exception to this trend is shown
by a profile under the native conifer
Agathis australis (Kauri). The fresh and
year-old leaves of the tree have a value
slightly less than — 26%c; but the litter
horizons, the topsoil, and the subsoil to a
depth of 1 meter tend to have values
nearer — 25%o. This range of values covers a mean time-scale of about 1600
years. Although there is a slight initial
change in values between the recent leaf
fall and the litter, the lack of a significant
trend down the profile resembles the profile of peats rather than that of other
mineral soils. However, this may not be
as anomalous as it first appears, for the
Kauri profile, like the peat profile, is
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TABLE 39. ?*C Values for Soil Carbon from
soil and Subsoil of Some Now Zealand

Soil Groups

&"C V

Soil Group
Yellow-brown Bands
Yellow-brown
pumice soils earths
Yellow-brown

-2l~cc
5.2
-20.7 allies
Subsoil
Topsoil
-25.3
-26.5
-26.0

-27.-1

characterized by the accumulation of relatively undecomposed plant debris, in the
sent case forming a cone 66 cm above
the level of the mineral soil around the
base of the tree. It could be, therefore,
that the fractionation is associated with
processes of decomposition characteristic
oi normal soil but not present in peats or
soils in which organic debris tends to
accumulate in large quantities. If this
were so. then the pattern of 813C values
down a profile could be interpreted as reflecting the processes of organic decomposition and would therefore be of value
in reconstructing pedogenesis over long
periods of time. Since such processes are
affected by environmental conditions,
they could also provide an indication of
environmental conditions in the past.
These differences appear not only in the
values for the total soil carbon but also
in the values for the carbon of particular
organic fractions such as humic acid, fulvic
acid, and humin I Table 40 ) . This suggests
that it is not simply a result of differen-

TABLE
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tial decomposition of different plant
constituents but affects all residual fractions produced by decomposition.
Nitrogen
The stable nitrogen ratio in plants will
undoubtedly reflect the ratio in the nitrogen source available to the plant. In both
plants and animals, if metabolic or diffusion processes are involved in nitrogen
assimilation or accumulation, discrimination between isotopes may occur. The
extent of fractionation will depend on the
chemical species involved and the mechanism of accumulation. Part of the variation in the nitrogen isotope ratio of plants
may be due to differences between plants
in their ability to fix atmospheric nitrogen. Some plants have symbiotic relationships between higher plants and lower
organisms capable of fixing atmospheric
nitrogen when supplied with an energy
source from the host. The products of
nitrogen fixation are available to the
host. This mode of nitrogen accumulation does not preclude uptake of nitrogen
ions as nitrate or nitrite complexes by
these plants in the same manner as nonnitrogen-fixing species. It is predicted
that there is unlikely to be significant
discrimination between nitrogen isotopes
if they are taken up by the plant as large
molecules or passively in the transpiration stream. However, with atmospheric
nitrogen as a source and symbiotic nitrogen fixation as a mechanism for the en-

40. 5,3C Values for Total Soil Carbon and for Organic Fractions
Carbon P>action

Soil Type
Levin silt loarn*

Locality
Kaitoke

Vegetation

Soil Layer

Forest/Pasture

top soil
sub soil

Judgeford silt loam
*From T;,n- M972).

Judgeford

Pasture

top soil
sub soil

Whole Humic
Fulvic Humin
Soil C Acid C Acid C
C
26.9
27.2
27.5
26.7
•26.4
25.7
25.1
26.2
25.9
27.7
-26.5
-27.4
27.4
26.3 -26.0
-25.6
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trance into the plant, discrimination
against 15N may be expected in nitrogenfixing species. The isotope ratio of these
species will also depend on the proportion
of nitrogen accumulated from the soil and
the isotopic composition of the nitrate or
nitrite ions in this source.
To test this hypothesis it would be necessary to measure the nitrogen isotope
ratios of nitrogen-fixing and non-nitrogen-fixing species in the same soil, that is,
of the same isotopic composition, or,
preferably, on soils of known nitrogen
isotope and chemical nitrogen composition. The only extensive list of the naturally occurring stable nitrogen ratios
in plants presently available is that of
Hoering (1955a; 1955b), and the accuracy
(±0.5%) and reliability of the measurements made by Hoering allows a preliminary assessment of the hypothesis. To
interpret the variation in isotope ratio as
a function of plant species, several assumptions have to be invoked: that the
isotope composition of the available soil
nitrogen was the same for all plants and
was constant during the period the plants
were growing; that the isotopic composition of nitrogen in rainwater was constant over the same period ; and that the
only sources of nitrogen for the plants
were the air or soil.
Hoering (1955a and 1955b) lists S15N
values for leaf protein of five species —
white clover, dandelion, red oak, American elm, and cedar, all grown at Fayetteville, Arkansas. Weeds (undefined) from
the same area were also measured. The
range of 815N values was from — 8.3%o to
-f-4.3%c with an overall mean of — 1.84%o,
that is, close to the nitrogen ratio of the
atmosphere. White clover was the only
species in the survey that could be expected to have significant symbiotic fixation of atmospheric nitrogen. The S15N
value for white clover was — 6.5%o in
April and — S.S°/fc in August, with a mean
value of — 7.4%©, which was 3.7% more
negative than the most negative of the
other species and 6.3% more negative
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than the mean of the other species, including weeds.
The results of Hoering suggest that
white clover has a different mechanism
for nitrogen uptake or metabolism and
therefore they lend some support to the
hypothesis that the variation in nitrogen
fixation in plants may be associated with
the extent of symbiotic nitrogen fixation.
Furthermore, it has been shown that
legumes or nonlegumes not fixing atmospheric nitrogen have 815N values similar
to the soil, whereas legumes with active
N2-fixing nodules have 15N concentration
similar to atmospheric N2 (Delwiche and
Steyn, 1970) . The same authors observed
N fractionation during the first stage of
nitrification, although during this process
if transformation were complete no discrimination would be found. In nature it
is likely that there will be an increase
in the 15N concentration of the substrate
and a decrease in the products (nitrite
and nitrate). At the same time, in soils
denitrification may increase the 15N concentration inresidual nitrate, but interpretation of soil values (and ecosystem
values) may be more complex due to the
interaction of biological and chemical N
sources (Hauck, 1973).
The results also indicate the accuracy
with which the isotope ratio can be determined but emphasize the lack of information to interpret the ratios. Considerable care will be required in interpreting the results because of the interactions between species, the seasonal and
temperature effects, and the variation in
the isotope ratio of the source. For example, it will be important to measure
the nitrogen ratios in all sources available to the plant as well as in the plant
proteins.
Should it be established that the nitrogen isotope ratios of nitrogen-fixing
plants are different from non-nitrogenfixing plants, then the technique would
have several implications for ecological
problems. It would be immediately useful as a method to identify plants with
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symbiotic nitrogen fixation. Nitrogen fixation isoften assayed by exposing plants
or nodules to l5N-enriched nitrogen gas
(Burns and Wilson. 1957; Morrison,
1961). These methods do not correct for
isotope discrimination, but it is unnecessary to do so unless a wider survey of
discrimination by plants shows a greater
effect than is indicated by present results
or discrimination at the high atom r,<-'$
(30) used in these studies is greater than
when the ',, 15N in the atmosphere is low.
The technique may also be useful in
investigating nitrogen cycling within an
ecosystem. Protein, as carboxylation enzymes or associated with light reactions,
will he an important component in determining photosynthetic activity, as the
supply of nitrogen may limit photosynthetic activity.
The scarcity of measured S15N values
for plants precludes further comment on
the possible implications of the technique,
but it is emphasized that further investigation of nitrogen isotope discrimination
in biological systems is warranted.
Sulphur
The relative importance of inorganic
transformations of sulphur compounds in
nature presents different problems in interpretation of its geochemistry than
those of the carbon cycle. The sulphur
cycle is dominated by inorganic sulphur
compounds, whereas the carbon cycle is
dominated by organic compounds. How. the inorganic form is normally more
iily accessible for plant growth than
the organic- form so that the rate of transformation from organic to inorganic sulphur is,like the transformation of organic
to inorganic phosphate, a vital step in the
organic cycle as a whole.
Sulphate is perhaps the most readily
accessible form of sulphur for plant
growth, and consequently it is the most
readily absorbed into the organic cycle.
It may also be the ultimate product of
microbial oxidation.
Consequently, the
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isotopic ratio of sulphate is a key to understanding the sulphur cycle. Further,
since oxygen also occurs as two stable isotopic species (180 and leO), the sulphate
molecule provides two markers to measure fractionation and trace its origin.
Isotopic ratios of oxygen (81S0 = 180/
160) are measured relative to SMOW.
The isotopic ratios of sulphate which
may be taken as a basis for measuring fractionation changes in the organic cycle are
those of contemporary sea water sulphate. These are: 834S with respect to
CDT + 20.4 and S180 with respect to
SMOW + 9.5. In marine areas the
atmospheric sulphate is similar in isotopic
ratios to sea-water sulphate, and this is
also the ratio of atmospheric sulphate in
maritime terrestrial areas not heavily
contaminated by industrial or volcanic
pollution. In inland continental areas,
however, the ratios are different due to
both contamination and fractionation
during precipitation.
Where atmospheric sulphate, equivalent to contemporary sea water sulphate,
is introduced into the soil organic cycle
as rainfall and is the principal source of
sulphur for plant growth, it should be
possible to detect fractionation at different stages of the cycle. This possibility
has been explored in relation to a chronosequence of soils formed on accumulating
sand dunes in the Manawatu on the west
coast of the North Island of New Zealand. This chronosequence has been
studied by Syers et al. (1970) who have
measured the accumulation of the major
elements (carbon, nitrogen, phosphorus,
and sulphur) at different stages. There is
minimal sulphur in the parent material
of the soils; the sulphur in the soil is
derived almost wholly from marine sulphate, either directly at shore level, or by
precipitation. Further, it accumulates as
organic sulphur or as absorbed or soluble sulphate which is limited in amount
because" of the low exchange capacity of
the soils. In this region the 834S and 8180
values of absorbed and soluble sulphate
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are the same as in sea water. Plant and
soil organic sulphur, however, does show
evidence of isotope fractionation. The
greatest degree of fractionation is found
in the oldest soil of the series, estimated to
be formed over the last 15,000 years, in
which the organic carbon has a mean
radiocarbon age in the subsoil of over
4000 years. If there is a linear relationship between the degree of sulphur fractionation and the radiocarbon age, it may
be possible to relate the mineralization
and recycling of sulphur to a time scale.
Such a measure could be of value in predicting the availability of sulphur in soils
in which most sulphur is present in the
organic form, and where it is a factor
limiting plant growth, as in Central
Otago in the South Island of New Zealand where natural accession of mineral
sulphur is limited by low rainfall.
Where the sulphur introduced into the
organic cycle is not equivalent to contemporary sea water in its isotopic values,
the values for the organic sulphur and
plant sulphur may be appreciably different. At Kaitoke, at the southern end of
the North Island of New Zealand and
separated by a mountain range from the
direction of the prevailing northwesterly
winds, the rainwater sulphate was
+ 12.5%, (CDT) and showed some differences from contemporary sea water sulphate. However, the soluble and absorbed
sulphate is very similar to contemporary
sea water, and this is probably the source
most readily available for plant growth.
The plant material, however, shows signs
of fractionation.
Conclusion

ical phenomena. These isotopes have
been useful in establishing climatic variations in past geological eras (Urey, 1948:
Emiliani, 1955; Shackleton and Opdyke,
1973; Emiliani and Shackleton, 1973:
Libby, 1974), but before their value in
understanding biological activities can be
realized substantial problem.- in interpretation must be solved.
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Harold Mooney? ()//< Bjorkman, and John Troughton

Atriplex hymenelytra is a relatively
large-leaved (mean leaf size approximately "icm2) shrub which persists in
one oi the hottest and most arid environments oi the earth — Death Valley.
In Death Valley, although summer temperatures are extreme, often exceeding
50 C, winter temperatures are quite
moderate, with mean January maxima
1 Department of Biological Sciences, Stanford
University, Stanford. California.

o

about 18°C. Since these plants are photosynthetically active throughout the
year (Year Book 70, p. 546) one would
predict substantial seasonal shifts in their
physiological status. As a prelude to
detailed seasonal physiological investigations we examined certain leaf and
whole plant features of Atriplex in its
native environment during the summer
and winter of 1973-1974.
The native plants studied were located
at Furnace Creek near the headquarters

N
D
Months

I ' vi 118 >< i8onal changes in xylem water potential, leaf reflectance, and leaf moisture content
of plants of At iplex hymenelytra growing under natural conditions at Furnace Creek, Death ValMeao maximum monthly temperatures and total precipitation are given for each month of
study at Furnace Creek, Physiological values are also plotted on the first of the month during
which they were collected. Leaf moisture content is given as the reciprocal of the fresh-to-dry
weight ratio to correlate in direction with other parameters shown. The leaf measurements are on
the leaf crop produced the previous spring and are carried through to just prior to their loss in
M ireh.
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of the Death Valley National Monument.
This habitat is located near the base of
a large alluvial fan at an elevation of
54 meters below sea level.
At intervals during the study period,
dawn xylem water potential was measured on these plants with the use of a
Scholander bomb (Scholander et al.,
1965). Fully expanded leaves from five
shrubs were collected at dawn, placed in
moisture-tight containers, put on ice, and
returned to the laboratory for subsequent
analyses. Leaf water content was determined, as were leaf anatomical and reflective characteristics. Leaf reflectance
was measured on leaf surfaces, utilizing
a Zeiss PMQ II spectrophotometer with
a sphere attachment.
The condition of the plants growing in
their native environment was compared
with the same number of plants gro wingin a transplant garden at Death Valley
where soil moisture was kept nonlimiting by daily irrigation. Further comparisons were made with plants growing in
a transplant garden at Bodega Head
where not only was moisture unlimited
but where maximum air temperatures in
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During August leaves had a fresh to dry
weight ratio of 2.0. In February, after
the rains of January, the leaves of the
same crop increased this ratio to 3.2.
New leaves, which started appearing as
early as December but in greatest
amounts in February, exceeded a ratio
of 6. On a fresh weight basis these extremes encompassed values of water content from 50% in August to 85% for
new leaves in February.
Reflectivity of the leaves also varied
markedly during the study. For comparative purposes the leaf reflectance at
550 nanometers only is shown in Fig. 118
for the different sample periods. In September, while high air temperatures prevailed, the leaves reflected nearly 60%
of the radiation of this quality. In contrast, in December the leaves reflected
45% of the radiation. This span was
noted on leaves of the same age class.
The new spring leaves, which had higher
moisture contents, reflected only 34%
of this radiation.
Thus it appears that as the plants
undergo changes in their water potential.

July were not much above 15°C (Year
Book 72, pp. 395-396).
At the beginning of the study period
in Death Valley in August, mean
monthly maximum temperatures were
45°C (Fig. 118) (the previous month
they were 47°C). Maximum temperatures subsequently declined to a low of
16°C during the unusually cold January. The small amount of precipitation
which fell prior to January added little
to the soil water storage. Although there
was minimal precipitation during the
fall, the plants showed a marked increase
in their dawn xylem water potential
from a low of nearly — 30 bars in August
to — 8 bars in December. This trend
correlates with the declining air temperatures (and hence decreasing vapor pressure deficits) during this period.
Leaf moisture content changed in
parallel with xylem
water
potential.

-5

-10

-15

-20

Dawn ^.irrigated
Fig. 119. The relationship between dawn
xylem water potential measured on plants of
Atriplex hymenelytra growing in Death Valley
under natural and irrigated conditions.
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their leaf water content changes as does
their reflectivity.
The increase in the water potential
of the field plants without a substantial
increase in the input o\ soil moisture
through precipitation indicates that the
plant water deficits may be the result
oi water loss by transpiration exceeding
uptake1 rapacity during the unusually
high vapor pressure deficits which prevail in the summer (midday VPD's in
excess of 100 mbar are common). This
possibility is supported by measurements
on the irrigated garden plants. Even
though these plants were irrigated daily,
they had dawn water potentials of less
than —20 bars during August. As the
temperatures (and hence vapor pressure
deficits! decreased during the fall, dawn
water potentials increased. Thus, although the water potentials of the irrigated plants were greater than those of
the naturally occurring plants, their
water deficits were still considerable. In
fact, no growth occurred on these irrigated plants during the summer. At any
given sampling date the irrigated plants
had dawn water potentials 7-8 bars
higher than the natural plants (Fig. 119).
Leave- of the irrigated plants at Death
Valley had a proportionately higher
moisture content than did those of the
natural plants at any sample period and
the Bodega plants had an even greater
water content. For example, in Septemthe leaf fresh to dry weight ratio of
the Bodega plants was 9.9, in contrast
to 2.1 for natural Death Valley plants
■ Old 2.4 for irrigated Death Valley plants.
Availability of leaf material covering
a wide variation in water contents made
it possible to examine the relationship
of water content to leaf reflective charristics over a wide range. This relationship proved to be highly significant
(Fig. 120'. Leaves of low water content,
as found on the natural plants in summer, have very high reflectances, and the
very hydrated Bodega leaves reflected

1
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Fig. 120. The relationship between water content (fw/dw) and leaf reflectivity at 550 nanometers of Atriplex hymenelytra. y = —3.44; x =
+58.28.

as little as 25% of the 550 nanometer
radiation.
Leaf Structural Characteristics
Analyses of the reflective characteristics of leaves over a wide spectral range
indicate that the hydrated leaves of the
Bodega plants had lower reflectances
121).
throughout
the entire spectrum (Fig.
The leaves showing the extremes in
reflectance (summer Death Valley versus
Bodega) have considerable structural
differences (Fig. 122). The Bodega
leaves were thinner and had little surface
glandular material, yet they averaged
twice the surface area of the Death Valley leaves.
Scanning electron microscope views of
surfaces of both old and new leaves collected in March in Death Valley show
the glands in more detail. Those leaves
which
had a high moisture
content
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Fig. 121. Reflectivity of leaves of Atriplex growing under natural conditions and at the cool
Bodega Head garden (August). At this time, the Death Valley leaves had a fw/dw ratio of 2.0 and
Bodega leaves, 8.0.

(fw/dw = 11.8) show the glands in an
apparently turgid condition (Fig. 123A).
Leaves with a lower moisture content
(fw/dw = 7.9, reflectivity at 550 nanometers of35%) had many of the glands
collapsed (Fig. 123B). Crystals were
evident under the membranes of many

of the collapsed glands (Fig. 123B) and
x-ray scans of them indicate that they
were NaCl (Fig. 124) . Leaves with a
low moisture content (fw/dw = 2.3) and
a high reflectivity (50% at 550 nanometers) had all glands collapsed (Fig.
123C).

Fig. 122. Cross sections of fully expanded leaves of Atriplex hymenelytra collected from plants
growing at the Bodega Head garden in September (left) and under natural conditions in Death
Valley in August (right). Both sections have equal magnification.
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crystallize, resulting in an increase in
reflectivity throughout the spectrum.
The drier the leaf, the more salt that
would be crystallized and the greater
the reflectivity. This effect presumably
would be in addition to that caused by
the greater absorptivity by water alone
in the hydrated leaf, particularly in the
infrared (Woolley, 1971). Measurements
to partition these effects are planned.
An additional feature of the leaves of
Atriplex growing under natural conditions is that the mean leaf angle is approximately 70degrees; thus they intercept little of the midday sun.
Discussion

i ig. 123. Leaf surface characteristics of Atriplex hymenelytra leaves of different moisture
A has the highest moisture content
and C, the least. (X 75-82.)

Sodium chloride has a uniformly high
reflectivity throughout the visible and
the near infrared region (Forsythe
] 960 1 We postulate that in the hydrated
leaves, the Baits in the glands are in
solution. Aa the leaves dry out the salts

The leaves of Atriplex hymenelytra,
even though relatively large, persist and
are metabolically active under the extreme temperatures of the summer in
Death Valley. Evidently, the principal
adaptive means by which this is accomplished isby assuming a steep angle
in relation to the midday sun and by
reflecting a large part of the incoming
radiation. On the other hand, little heat
dissipation is effected by transpiration
during the summer period.
Certain of these features are in part
modifiable, which presumably adapts
these plants to a range of thermal conditions through the seasons. Leaves grown
in the cool Bodega Head environment
were twice the size of leaves grown in
Death Valley. Furthermore, they reflected only about half as much incoming radiation as the Death Valley plants.
These same relationships, though not
to such extremes, can be seen in a single
plant growing in Death Valley. The new
spring leaves, which are produced when
temperatures are cool, are the largest
and reflect the smallest amount of radiation (34% at 550 nm) . As the temperatures increase in late spring, the last
leaves formed are smaller, and all leaves
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Fig. 124. Bottom, nondispersive x-ray analysis of the crystal shown at the top. The bottom scale
is electron volt X 103. The left peak is Na and the right, CI.

become more reflective. By summer,
when temperatures are extreme, the
leaves may reflect nearly 60% of the
radiation at 550 nm.
The mechanism by which the leafreflective increases are produced is apparently due to changes in the NaCl
content of the leaf surface glands as well
as in leaf hydration. As the summer
drought progresses in Death Valley, the
leaves become increasingly more desiccated. The salt glands, which are hy-

drated in spring, dry and collapse, and
the salts crystallize. Sodium chloride
has the property of being highly reflective throughout a large portion of the
spectrum, including the infrared. Plants
in Death Valley in the summer are living in an environment that has an unusually high infrared radiation component because of high reradiation from
the extremely hot substrate surfaces.
The reflective features of sodium chloride
could minimize absorption of this radia-
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lion, evidently to a much greater degree
than any organic material.
Thus the leaves of Atriplex hymenelytra are quite plastic and adjust to the
changes in their radiation regime. However, they are metabolieally active
throughout a wide temperature range
encompassing winter and summer. The
physiological adjustments which presumably occur in response to these
changes are the focus oi ongoing studies.
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OXYGEN
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IN
Kalanchoe

CARBON
DIOXIDE
daigremontiana

0. Bjorkman and C. B. Osmond
Depending on conditions of growth,
leaver- of plants with capacity for Cras%sulacean Acid Metabolism (CAM) may
fix exogenous C02 at substantial rates
both in the light and in the dark. Fixation of CO2 in the dark is associated
with the accumulation of high concentrations of free malic acid at the expense
of starch and other reserve polysaccharides. Malic acid formed in the dark
accumulates in the vacuoles and is
metabolized to carbohydrates during the
subsequent light period. Following the
utilization of malic acid, fixation of exogenous CO2 commences in the late light
period. This fixation results in an increase in sucrose and starch.
Kluge H971 I pointed out that the synsis of malate in the dark and its subsequent mobilization in the light repretemporal separation of the same
processes that occur in C4 photosyn31s. En the leaves of C4 plants these
processes of malate synthesis and mobilization are spatially separated, taking
place simultaneously in the mesophyll
and bundle-sheath cells, respectively
(Bjorkman, 1973). The two analogous

sets of reactions may be further described
by the appropriate malate pool sizes
and time constants for mobilization. In
CAM plants, about 100 to 200 pinole g"1
fresh weight of malate is mobilized in
about 104 sec. In C4 plants, about 1
pinole g"1 fresh weight of malate is
mobilized in about 10 sec.
Labeling studies suggest that dark
C02 fixation in CAM plants involves a
different primary carboxylation reaction
(PEP carboxylase) from the one involved in the light (RuDP carboxylase)
(Sutton and Osmond, 1972; Osmond and
Allaway, 1974). These studies suggest
that dark C02 fixation in CAM plants
may be analogous to C02 fixation during
C4 photosynthesis and that C02 fixation
in the light in the same plant may be
analogous to C02 fixation during C3
photosynthesis. It is well established
that C02 fixation in C4 plants is insensitive to 21% O2 and that C02 fixation in
C3 plants is substantially inhibited by
21% 02 (Year Book 69, p. 640; Year
Book 70, p. 520; Year Book 71, p. 141).
To a large degree, the difference in response of photosynthesis to 02 concen-
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tration in these plants may be attributed
to the different primary carboxylation
reactions involved in C:i and C4 plants.
In the present study, we used 02 concentration as a tool to further examine
the nature of carboxylation reaction of the
CAM plant Kalanchoe daigremontiana
in the light and dark. In this report we
describe the unusual features of the 02
effect on C02 fixation in K. daigremontiana, and in another paper we consider
this evidence in relation to the C3-like
and C4-like photosynthetic options of
CAM plants (Osmond and Bjorkman,
1974).
Plantlets were removed from the leaf
margins of K. daigremontiana growing in
a controlled-growth chamber and planted

in pots containing one part each perlite
and vermiculite. The pots; were placed
in trays of nutrient solution, and the
plants were grown in a controlled-environment cabinet with 30°C during the
9-hour light period and 15°C during the
15-hour dark period. Light was provided
from a bank of Sylvania VHO fluorescent
lamps; the flux was 40 nanoeinstein cm"2
sec"1, or 10 mW cm"2, in the waveband
400 to 700 nm. Whole plants or individual attached leaves of 7—10 week old
seedlings were placed in a ventilated
whole plant chamber (Mooney et al.}
1971) or a single leaf chamber (Bjorkman and Holmgren, 1963). Net C02
and H20 vapor exchange were monitored at several combinations
of tem-

Ligh+(40nano

12

16
Time.hrs

einst. cm"2 sec" ),30°C

20

Fig. 125. Time course of C02 fixation in light and in darkness (top) and malic acid content (bottom) for a whole plant of Kalanchoe daigremontiana under light and temperature regimes simulating those used during growth.
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peratures, light fluxes, and 0_> concentrations, using the computerized
data
acquisition and analysis system described previously {Year Book
73, p.
The time course oi CO2 fixation in the
dark and the light for a whole plant oi
K laigremontiana is shown in Fig. 125.
Three phases of CO2 uptake may be
characterized. When the plant was darkened, CO2 fixation declined to zero and
during the subsequent 15 hr oi darkness
rose to a steady state for several hours
b< :'ore declining again to zero just before
the start oi the following light period.
Dark CO2 fixation (Phase I) coincided
with a substantial increase in titratable
acidity. The increased acidity in this
plant is exclusively due to the formation
oi malic acid. It is important to note
that in the experiment shown in Fig.
125, the rate of C(\> fixation is, within
the experimental error, equivalent to the
rate of malate synthesis on a molar basis.
This relationship is that predicted on the
basis of the direct carboxylation of PEP
during dark C02 fixation.
I >n illumination, an initial burst of
( '( >2 fixation (Phase II in Fig. 125) was
followed by a period of net loss of C02
from the tissue. The decline in rate of
exogenous CO2 fixation and the period
of net CO2 efflux correspond to the time
oi de-acidification.
In the late light

INSTITUTION

period, following de-acidification, the
fixation of exogenous CO2 increased
again to attain a new steady state (Phase
III, Fig. 125). The 02 responses of CO-2
fixation in the light were measured during Phase III. To obtain a sufficient
number of data points during this steadystate period, it was usually necessary to
extend the light period beyond the 9
hours used during growth of these plants.
Table 41 shows that a change from
21% to 4.7% 02 had no effect on C02
evolution in darkened K. daigremontiana
leaves. However, C02 fixation at limiting
and saturating light intensities was substantially inhibited in 21% 02 compared
to
4.7%'
02. fixation
Table 40in shows
that the
ratio
of C02
21% compared
to 4.7% was essentially similar under
rate-limiting and rate-saturating light.
Changes in 02 concentration had no substantial effect on stomatal conductance
to gaseous diffusion. The decline in computed intercellular C02 concentration
upon reduction in 02 concentration was
caused by the increased rate of C02
uptake.
The time course of changes in rate of
C02 fixation in response to external 02
concentration are shown in Fig. 126.
The responses to 02 concentrations were
almost as rapid as the dark-light responses of single leaves and a new,
essentially steady-state C02 uptake rate

TABLE 41. Effect of Oxygen Concentration on Carbon Dioxide Uptake at Rate-Limiting
and Rate-Saturating Light Intensities* in Leaves of Kalanchoe daigremontiana

Light
[utensil Oxygen
nanoeinstehi Concentration,
em-1 sec-1
%
0
0
IS
18

60

m

Carbon Dioxide;

Partial Pressure, /xhar
Ambient

Entercellular

21.0
1.7

307
307
289
282

330
330
234
196

21.0
4.7

281
272

21.0
1.7

•Leaf Temperature: 28.1°C.

Rate
-0of
.22C02
Uptake,
-0.2
2
ole
nanom
cm 2 sec

Q2
21 % 02.
in 4.7%
Rate in
Rate

Ratio
1.00

0.57

208

0.82
0.95

171

1.27

0.69
0.74
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Fig. 126. Time course of C02 fixation, stomatal conductance, and calculated intercellular-space
C02 concentration in response to changes in oxygen concentration and to darkening in single attached leaves of Kalanchoe daigremontiana . Leaf temperature was 29°C, and light was rate saturating.

was obtained in less than 2 minutes following a change in 02 concentration.
Some overshoot was observed, particularly in the transition from 4% to 20%
02. Similar overshoots have been observed inMimulus cardinalis (Year Book
66, p. 225) , particularly at high temperatures. Fig. 126 also shows that 02 concentration had little effect on stomatal
conductance and that changes in rate of
C02 fixation were mirrored by changes
in intercellular C02 concentration.
Post-illumination bursts of C02 evolution were detected from leaves of K.
daigremontiana (Fig. 126). The bursts
were similar to those measured in C3 and
C4 plants and resembled those in Amaranthus edulis and Atriplex rosea in that
they were not abolished by 4% 02 (cf.
Year Book 66, p. 227; Year Book 68, p.
626).
The inhibition of C02 fixation in the
light by 20% 02 in K. daigremontiana is
in marked contrast to the insensitivity
of dark C02 fixation to 02 concentration
(Osmond and Bjorkman, 1974). Fig. 127
compares the effect of 4% and 20 % 02

on C02 fixation in the light and the dark
at 16° over a range of external C02
pressures. C02-uptake data are presented on the basis of external C02 pressure, showing also the measured values
of stomatal conductance to C02 diffusion (left), and as a function of computed intercellular C02 pressure (right 1 .
The lower parts of Fig. 127 show C02
fixation in the dark by whole shoots of
K. daigremontiana. Each value was
measured at 4% and 20% 02 and no
change in the rate was detected. The
relationship to external C02 pressure
was of the same form in experiments
with increasing and decreasing C02 pressure. The saturation of the rate vs. C02
pressure curve cannot be ascribed to the
two-fold change in stomatal conductance
that took place during the course of the
experiment.
The upper parts of Fig. 127 show that
the inhibition of C02 fixation in the
light due to 20% 02 persisted throughout
the range of C02 pressures used. The
data are extrapolated to zero in the case
of 4% O2 and to a positive C02 com-
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pensatioD point of about 50 pbar CO2 in
20^ O2. This extrapolation is justified

by the observations at 29° in "COj-froo"
air (Fig, 128), At the higher temperatures, substantial steady-state evolution
JOa into "C02-free" air with 20% 02
was observed. With 4r( O2, only a suggestion oi CO2 evolution was obtained.
Again, at 29° the rate o\ CO2 fixation
remained O2 sensitive throughout the
entire range oi CO2 pressures used. The
form oi the curve for CO2 uptake at 16°
>uggosts half-saturation in the region of
300 uhar C02j but at 29° the half-saturation value is certainly at a much higher
COo pressure. In contrast, dark C02
fixation has an apparent half-saturation
value of approximately 100 ^bar C02.
Michaelis plots of these data (Osmond
Intercellular CO2
0
10

INSTITUTION

and Bjorkman, 1974) suggest apparent
Km for CO, of 3 ^m (dark 16°), 9 pm
(light 16°) and 22 ^m (light 29°).
Although the inhibition of C02 fixation in the light by 20^ 02 in this CAM
plant was not abolished by high C02
pressures, the relative magnitude of the
inhibition was reduced. Table 42 shows
that the ratio of gross photosynthesis in
20% 02j compared to that in 4% 02,
increased with increasing C02 pressure.
Thus, although the form of the O2 vs.
CO2 relationship during C02 fixation in
the light in K. daigremontiana is distinctly different from that reported for
C3 plants, high C02 pressures have the
same qualitative effect in reducing the
degree of 02 inhibition. In C3 plants
^enerallv, an increase in intercellular

concentration, yWl
20
30

Ambient CO2 concentration, /lvM

Dark.l6°C

>//,
4-00
600
800
Intercellular CO2 pressure, /^bar

200 400
600
800
Ambient CO2 pressure, pbar

Fig, 127. Elate of COa fixation ;it 16°C and two different oxygon concentrations at light saturation (top) and in darkness (bottom) a- ;i function of external (left) and intercellular (right) C02
( Oa fixation in the lighl was measured on single attached leaves, while dark CO^ fixation
isured on whole -hoot- of Kalanchot daigremontiana.
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Fig. 128. Light-saturated rate of CO- fixation at29°C and two different oxygen concentrations as
a function of intercellular (left) and external (right) C02 pressure in single attached leaves of
Kalanchoe daigremontiana.

C02 pressure of the magnitude applied
to K. daigremontiana is completely effective in removing the inhibitory effect of
20% 02 (Year Book 71, p. 141).
Leaf temperature substantially modifies the effect of 20% 02 on C02 fixation
in most C3 plants, so that the inhibition
due to 02 is reduced at low temperatures.
Figure 129 shows that in the CAM plant
K. daigremontiana the inhibition due to
20% 02 remains more or less unchanged
in the range of 11° to 31°. The data,
which we have normalized to an intercellular C02 pressure of 200 /xbar, also
show that the optimum for C02 fixation
in the light occurs at a relatively low
temperature in this plant.
The lack of an effect of 02 on the rate
of C02 fixation in the dark in the CAM
plant K. daigremontiana and the lack of
an effect of 02 on C02 fixation in the
light in C4 plants strengthen the hypothesis that these C02-fixation reactions are
analogous. Labeling data indicate that
the primary fixation of C02 in CAM
plants in the dark and in C4 photosyn-

thesis proceeds via phosphoenolpyruvate
carboxylase (Sutton and Osmond, 1972;
Hatch and Slack, 1966), and it has been
established that C02 fixation by this
enzyme system in vitro is insensitive to
02 concentration (Bowes and Ogren,
1972). Thus it is reasonable to conclude
that the lack of an 02 effect on C02
fixation in the two systems in vivo is a
reflection of the common primary carboxylation reaction.
The substantial inhibition by 02 of
steady-state C02 fixation in the light in
leaves of K. daigremontiana corresponds
in general terms to the well-established
02 inhibition of C02 fixation during C3
photosynthesis. Labeling data suggest
that the fixation of C02 in K. daigremontiana and in C3 photosynthesis proceeds via ribulosdiphosphate carboxylase
(Osmond and Allaway, 1974) . It has
been established that C02 fixation by
this enzyme may be substantially inhibited by 02 (Bowes and Ogren. 1972).
The inhibition of C02 fixation in the
light in this CAM plant thus reflects the

4%
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TABLE

42. Rate of COi Exchange in 20% and 1% 02 at Different CO, Pressures in the
in
Intercellular Spaces of Kalanchoc daigremontiana Leaves*
in 20% 02
Hate of COs
Rate
Uptake,
Rate
iket
1
seenanomole em~Net upt ike
Gross f
Ri
Gross
Intercellular COi
itio
-0
20%
Os
.0
2
Net
upt:
4% Oj
20-0%.1O,
4% O,
9
Pressure, pbar
0
70
220
370
650

0.16
0.87
1.51
2.37

0.44
1.35
1.99
2.80

0
0.35
1.06
1.70
2.50

0
0.46
1.37
2.01
2.82

0.36
0.64
0.76
0.85

0.76
0.78
0.85
0.91

"Leaf temperature: 29°C.
fNet uptake rate plus rate of COs release into a C02-free atmosphere.

involvement of RuDP carboxylase as the
primary carboxylation enzyme under
these conditions.
Although the responses to C02 and 02
oi C02 fixation in the dark by the CAM
plant A", daigremontiana are very similar
to those of C02 fixation in the light by
C4 plants, and the responses of C02 fixation in the light by this CAM plant in
general resemble those of C3 plants,
there are also some apparent differences.
In C3 plants the inhibition of C02 fixa-

20

25

Leaf temperature, C

Fig. 120. Temperature dependence of lightsaturated COj uptake by single attached leaves
of Kalanchoe daigremontiana in 4.4% and 20%
oxygen. The data have been normalized to a
constant intercellular COs concentration of 200
Mbar.

fcion by 207c 02 is invariably associated
with an 02-sensitive post-illumination
burst, and the 02 inhibition is abolished
at high C02 concentrations. This complex of responses is thought to be related
to the effect of 02 on the carboxylation
reaction catalyzed by RuDP carboxylase.
The inhibition of net C02 uptake due to
02 may reflect direct inhibition of the
enzyme by 02 or the removal of the
substrate RuDP by RuDP-oxygenase
activity associated with the same enzymic protein. At the C02 compensation
point it is thought that C02 fixation and
02 fixation by the carboxylase/oxygenase may be closely balanced (Year Book
71, p. 141). The oxygenase has a low
affinity for 02 so that by lowering 02
concentration to 4%, carboxylation may
proceed to nearly zero C02 pressures.
Similar arguments may apply to the data
obtained for K. daigremontiana under
the present conditions, and preliminary
experiments show that RuDP carboxylase of this plant has normal oxygenase
activity (Badger and Andrews, personal
communication) .
The post-illumination burst is less
clearly associated with the effects of 02
on RuDP carboxylase/oxygenase. In C3
plants (and probably in many C4 plants)
RuDP oxygenase leads to the formation
of glycolate which is subsequently metabolized toCO2 via the glycolate pathway in the light or dark. The portion of
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the C02 released from glycolate is refixed in the light, but on darkening, all
of this C02 is released in a post-illumination burst. Because both the formation and metabolism of glycolate to C02
have low affinities for 02, the lowering
of 02 to 4% abolishes the post-illumination burst in C3 plants. However, in
those C4 plants where a post-illumination burst is present, this burst is not
inhibited by low 02 and thus appears to
be associated with C02-evolving reactions other than those involving glycolate. In particular, aspartate donor C4
plants, rather than malate donor C4
plants, show 02-insensitive C02 bursts
in the dark. In K. daigremontiana, where
the post-illumination burst is also 02
insensitive, it is probable that C02-evolving reactions involving both glycolate
and malate are active in the light, and it
is therefore difficult to explain the 02
insensitivity of the post-illumination
burst.
Other apparent differences between the
effect of 02 on C02 fixation in the light
in K. daigremontiana and C3 plants are
the persistence in K. daigremontiana of a
marked inhibition by 20% 02 even at
high C02 pressures and its persistence
at low temperatures. In C3 plants the
abolition of 02 inhibition by high C02
pressures is thought to reflect the apparently competitive nature of C02/02
interactions with RuDP carboxylase in
vitro (Bowes and Ogren, 1972). Since
the affinity of RuDP carboxylase for C02
increases with decreasing temperature
{Year Book 70, p. 516) it seems likely
that the abolition of the 02 inhibition at
low temperature
even at normal
C02
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pressures is closely related to the abolition of the 02 inhibition by high CO2
pressures at higher temperatures. The
apparent persistence in K. daigremontiana of a substantial 02 effect at high
C02 pressures and at low temperatures
is difficult to explain on the basis of a
simple competitive interaction of C02
and 02 on RuDP carboxylase. However,
it should be pointed out that a distinction between 02 inhibition of RuDP carboxylase activity and 02 stimulation of
RuDP oxygenase activity has not yet
been achieved, even with conventional
C3 plants.
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GERMINATION
AND
OF
DIMORPHIC
SEEDS
A trip I e x hortensis

FLOWERING
FROM

Malcolm A. Nobs and William G. Hagar
Dimorphic seed production in certain this century and has been the subject of
species of Atriplex (Chenepodiaceae) a certain amount of ecological speculahas been known since the beginning of
tion (Collins, 1901). Atriplex hortensis
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L.. a European species introduced as a
"pot herb." is now an abundant weed
along the fringes oi the salt marshes of
San Francisco Ray. In this species, seed
dimorphism is clearly evident. The larger
seed (3—4 mm in diameter) is flattened
with convex surfaces. The seed coat is
membranous, and is dull yellow-brown.
The smaller seed (1-2 mm in diameter)
is nearly spherical with convex surfaces.
The seed coat is thick and indurate and
is glossy jet-black. Our current observations on the development of these two
seed types in the inflorescences concurs
with Collin's (1901) observations on this
species. The large brown seed, which
appears to be pollinated during the first
flush of flowering, always develops from
female florets which lack a perianth. The
>ingle ovule is borne vertically and is protected within a pair of foliar bracts.
During the later period of flowering,
female flowers lacking the foliar bracts
but with a five member perianth are pro-
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duced. The seed produced in these flowers is oriented horizontally and is of the
small black type. Small black seed can
likewise be produced in the late flowering bractiose female flowers.
Preliminary studies showed that the
large brown seeds of .4. hortensis germinated nearly simultaneously while the
small black seeds were highly irregular.
A study of this species serves a dual
purpose: first, to produce a synchronized
population of A. hortensis in which to
study the developmentally linked production of chlorophyll protein 668; and
second, to study the two seed types' characteristic germination, their later development, and the percentage of large
brown to small black produced by each
seed type.
Materials and Methods
Seed from 75 fully mature plants of
.4. hortensis were harvested from a stand

.*-

Fig. 130. Comparison between large brown and small black seeds.
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o Brown seeds
• Black seeds

4
Time.days
Fig. 131. Water imbibition comparison between the large brown and small black seeds.

of plants adjacent to San Francisco Bay
at Palo Alto, California. The seeds were
removed from their bracts by physical
shearing and were separated by means
of screens into the two basic size groups.
The two size groups were additionally
purified by hand selection. The majority
of the seeds from this harvest were of
the large brown type. Fig. 130 is a photograph of the two types of polymorphic
seeds from Atriplex hortensis that were
used in this study.
Water imbibition measurements were
made with the two types of seeds. The
seeds were placed in petri dishes filled
with distilled water at room temperature.
At the time of wet weight determination
the water was drained off, and the seeds
were transferred twice onto filter paper
to remove surface water. The seeds were
gently scraped off the last piece of filter
paper onto wax weighing paper, and the
total wet weight was measured. Measurements were made at regular intervals
over a nine-day period.

The seeds for the population development studies were sown in the greenhouse
(17°C N, 25°C D) in 7-inch clay seed
pans containing equal parts of sand and
standard potting soil. 1200 large brown
seeds and 600 small black seeds were
sown, with each pan containing 150
evenly spaced seeds. The seeds were then
covered with about 5 mm of clean river
sand and uniformly moistened. Germination was defined as the emergence from
the sand of the hypocotyl and the base
of the cotyledons. When the cotyledons
had fully expanded and the first leaf pair
appeared, the seedlings were transferred
to nursery flats in full-strength potting
soil with 16 plants in each flat. The developmental stage of the seedlings was
noted at 14-day intervals, and plants
were harvested for biochemical studies.
Results
Seed Imbibition
Figure 131 illustrates the differences in
water uptake between the large brown
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Is Bind the small black seeds over a
nine-day period. During the first five
hours, the large brown seeds had a very
rapid rate oi water imbibition and
reached essential saturation at 48 hours.
At this time all the seeds had visibly
swollen, and the radicle had emerged
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type of analysis was applied to both the
synchronized population derived from
the large brown seed and the more variable population derived from the small
black seed. Probit transformation converts an integrated normal curve (normal sigmoid curve) into a straight line
(Finney, 1953, 1971). If the distribution
of seed germinating follows a normal
distribution, probit conversion can be
used to determine the mean time of seed

from S0'\' . The small black seed showed
a considerably slower rate of water up. They had not reached saturation
by the 10th day. At that time, only
about 40rr of the seeds showed visual
signs oi water uptake, and only about
oi the radicles had emerged.
Germination in the greenhouse cultures
paralleled the water uptake studies.
Probit transformation analysis has been

germination and the spread of germination times (standard deviation) of the
seed population. This analysis can also
be applied to the onset of later developmental stages. The reciprocal of the
slope of this probit plot is the standard
deviation of the population, and the
mean time of the population is the time
when the probit value is 5.0.

applied successfully to the onset of certain physiological stages of population
development \Year Book 72, p. 388,
1973; Hagar and Punnett, 1973). This

Mean = I98hrs
SD = 84.39hrs
Mean = 33.6 hrs
SD = 14.53 hrs
48

0

OL

96

144

Time since

192

240

planting, hrs

Fig. 132. Probit plot of black and brown seed germination rates versus time in hours.
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The number of seeds germinated was primordia and the onset of reduction
converted to probits and plotted versus division in the pollen mother cells were
time in days. Figure 132 is a probit plot nearly simultaneous. Both populations
of germination times of the two seed were diploid having 9 pairs of chromotypes. The germination rates of the two somes.
types of A triplex seeds differed markedly. First anthesis began on the same day
The large brown seeds started to ger- in both populations, but the mean time
minate within one day and were 93% of flowering was two days earlier with
complete within three days. The small plants from the large brown seed- (Tig.
black seeds were much more variable, 133). The age spread of the populations
and after a two-week period only 78% was the same, however, as seen by the
had germinated. The standard deviation parallel slopes. The standard deviations
and the mean time of seed germination were 3.6 days. Slight differences in linein the two populations were determined arity of the probit regression line were
by means of the probit computer pro- probably due to variations in the amount
gram described by Finney (1971), which of sunlight on the plants. The eightyis part of the IBM Scientific Subroutine first daY was the first daY of several days
This program of bright sun during the critical flowering
1970).
(IBM,
Package
resulted m
aPPareofntly
!3erlod'. andi
of a maxithe data
es i-i
analyzrl
t • , by means
,.
i increasing
thethls
number
plants arriving
mum
„ . anthesis.
,, . __I he maximum
:
.
, G
,. . n likelihood
. , interaction
. . . .. program
,,
. and
,
at, first
developlists the
standard
deviation,
the
y
inter£
,
,,
,
.
.
, .
\
..
. ment
of both populations
at nearlv

cept, the slope of the regression line, and
the chi-squared values along with degrees
of freedom. The mean time of seed germination (Tm) was determined by the
following formula:
m
/r
i
j.\ / 1
Tm — (5 — y intercept) /slope.

mature {m^ represented by total height
of each plan^ wag not statisticallv dif .
ferent
The 2\ remaining plants produced by the small black seed had a
mean height of 166 ± 28 cm, while the
mean height of the plants derived from
,. .large ° brown seed} was 172
._ ±, 0.
the
31 cm.
The large brown seeds had a standard No differences could be detected in either
deviation of 0.61 days and a mean time the general growth habit or other morof germination of 1.4 days. The small phological
characteristics
between
the
black seeds had a standard deviation of two populations.
The
percentages
of
3.5 days and a mean time of seed ger- large brown versus small black seed will
minationof 8.25 days. Coefficients of vari- be followed as the seed matures,
ation (standard
deviation/mean time) At the present time there appear to
of the two seed types were as follows: be no genetic differences between
the
large brown,
0.432, and small black, two types of seed. The differences appear
0.426. For any study using synchronous to be the result of developmental pheAtriplex plants, the use of the large nomena.
brown seeds is necessary because of their The large brown seed, which predomirapid and uniform germination rates. nate, are produced in the optimum flush
After transfer to nursery flats the popu- of seed production, and the small black
lation derived from the small black seed seed develop later, when the plant has
initially lagged in development in com- reached maximum
maturity.
As Atriparison with the population derived from plex hortensis is predominantly a cultithe large brown seeds. As development vated food plant and is not known from
progressed, this difference was much less any native habitat (Hall and Clements,
apparent.
The
appearance
of flower 1923), it is possible that a cultivation-
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Fig. 133. Probit plot of flowering rates of the plants derived from the large brown or small black

induced selection for uniform rapidly
germinating seed has occurred. In the
mild climate of San Francisco Bay the
dimorphic seed with their differential
aination characteristics appear to be
advantageous. Two periods of germination occur. The first, after the first fall
rains, is presumably from the large
brown seed; the second is prolonged
throughout the winter and early spring
and is probably predominantly from the
thick-coated small black seed. If adverse
conditions damage the original germination, the second prolonged germination
can maintain the population.
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BIOLOGY

OF
Drosophila
CALIFORNIA

IN

MATHER,

Jeffrey R. Powell1 and Theodosius Dobzhamky2

With the possible exception of man,
more population genetic research has
been done on Drosophila pseudoobscura
than on any other organism. Long-term
genetic changes have been monitored
since the early 1930s; geographic surveys
of genetic variability have been made
throughout the range of the species ; much
information has been gained from numerous laboratory studies. (See Dobzhansky, 1970, for review and references) .
The best-studied natural population of
D. pseudoobscura is that inhabiting the
region in the vicinity of Mather, California, in the Sierra Nevada mountains.
Since 1945 the senior author, through
the kindness of the Carnegie Institution
of Washington, has spent considerable
time at the Plant Biology Research Station located near Mather. Research conducted during these visits has contributed much to our understanding of the
genetics of natural populations.
In 1945 Dobzhansky and Wright
(1947) carried out experiments to determine the dispersal rates of D. pseudoobscura at Mather. Thousands of laboratory-reared orange-eyed flies (orange
eye being an autosomal recessive mutant)
were released at a central point. At
various times after release (ranging from
one day to ten months) traps were placed
at set intervals from the release point
and collections were examined for the
presence of orange-eyed flies or orange
heterozygotes, the progenies of released
flies and wild flies. Much information
was gained from these studies concerning
the rates of dispersal of adult flies as
1 Department of Biology, Yale University,
New Haven, Connecticut.
2 Department of Genetics, University of California, Davis, California.

well as the rate of diffusion of a mutant
gene through a population. These studies
may be criticized for several reason.-;
for example, laboratory-reared flies may
behave differently from natural flies,
mutant flies may behave differently from
"wild-type" flies, and releasing of several thousands of flies at one point may
overcrowd the area and cause a general
agitation and greater dispersal impetus.
During the summer of 1973 dispersal
studies were repeated at Mather, using
a technique designed to overcome the
above objections.
Materials and Methods
Wild flies, captured in the area in
which the experiments were conducted,
were marked with micronized ultraviolet
fluorescent dusts. These flies were then
released at the same spot used for release
in the 1945 experiments (with one exception) . Traps were placed in a straight
line in two directions at intervals of 20
or 40 meters from the release point. Recaptures were made one and two days
after release. Flies were examined under
ultraviolet light to detect the marked
individuals. Ten such experiments were
conducted between July 13 and August
16, 1973. For most experiments the
marked flies were not etherized and were
released within an hour or so of being
captured.
Besides D. pseudoobscura, three other
closely related species inhabit the Mather
vicinity, D. persimilis, D. miranda, and
D. azteca. Since these species are difficult or impossible to distinguish morphologically, all four species were marked
and data were obtained for all of them.
Recaptured flies were identified as to
species by the technique of starch gel

SOD

TABLE

U:

Day

43. Observed Variances (in m") of the Distributions of Drosophila Speeies
Males
Females
Both Soxes
13.555 =h 2,585 (55)
8,907 ± 3,252 (15)

23,231 ± 6,323 (27)
50,720 =b 22,682 (10)

21.232 ± 2,427 (152)
32. 70S ± 6,141 (57)

20,168 ±
20,704 ±

3,250 (77)
5,856 (25)

22,703 ± 3,707 (75)
42,225 ± 10,556 (32)

21,937 ± 4.574 (46)
(6)

16,218 db

4,782 (23)

23,165 ±

6,831 (23)

Day
Day

26,671 ± 4.476 (71)
26.692 ± 5.895 (41)

34,036 ± 14,513 (11)
14,000 ± 7,000 (8)

25,320 ±
29,770 ±

4,623 (60)
7,329 (33)

Day
Dav

21.449 ± 1,554 (381)
27,844 ± 3,414 (133)

20,036 db 2,124 (178)
15,771 ± 2,480 (56)

22,875 ±
36,623 ±

2,271 (203)
3,902 (77)

: I Day
iraruia

Day

2 ;' Day

Ld
2nd
Total
1st
2m/

INSTITUTION

16,464 ± 2,571 (82)*
26,976 ± 7.030 (25)

2i :' Day
1 )ay
/). persimiHs

\<
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•Number of individuals observed, in parentheses.
Total entry ineludes some flies which died before species identification could be made.

electrophoresis. Several sibling species
of Drosophila can easily be distinguished
by their biochemical makeup as detected
by electrophoresis (Ayala and Powell,
1972i.
Results and Discussion
Approximately 4800 flies were marked
and released for experiments 2—10. (The
first experiment will be excluded because
of technical problems encountered). 514
re recaptured, giving a recovery
• of about 11%. The distribution of
ptured flics followed very closely a
normal distribution. Table 43 shows the
variances of the distributions of the
marked flies one day and two days after
release. There appears to be no great
difference among
the various species;
however, it does appear that males are
ving farther on the average than
ales.
Approximate density measurements
were based on the ratio of marked to
unmarked flies. The density was 1.523.71 fliea 100 m2. In the 1945 experiments the density was somewhat less,
0.73-1.39 flies 100 m2. These are densi-

ties for all four species of the obscura
group present.
How do these results compare to the
1945 study? In 1945 the first and second
day variances were 4100 m2 and 7225 m2
respectively. This is considerably less
than found in 1973. This difference may
be due to one of two reasons. First, the
different techniques used may have
caused the difference; data obtained
from the technique used in the 1973
experiments are probably more reliable
in predicting the behavior of wild flies
in nature. A second difference between
the 1973 and 1945 experiments was temperature; the average temperature during the collection period in 1945 was
71 °F and in 1973 was 79°F. Experiments performed earlier on Mount San
Jacinto, California, indicated that the
rate of dispersion of D. pseudo obscura is
very dependent on temperature (Dobzhansky and Wright, 1943). Experiments
carried out at 72°F had about 2.5 times
the variance of experiments at 61 °F.
The best way to distinguish between
these alternative explanations is to carry
out further studies at Mather, preferably
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at an earlier time of year when the temperature islower.
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DIGITAL

Tetsuo Hiyama

A Logic Indicator
As the use of computers increases and
more and more laboratory instruments
go digital, the in-house field service of
those digital instruments has become
increasingly important for the laboratory machinery maintenance. Although
most of the test equipment for traditional analog circuits can also be used
for a digital circuit, service for the digital instruments yields some unique problems. A digital circuit operates on the
basis of binary code — the combination
of "high" and "low." While "high" is
usually represented by a certain voltage
level above the ground, "low" is not
merely the ground level but also has to
be virtually grounded with low impedance. A state where the voltage level is
low but not grounded (floating from the
ground) is often called "open," which
indicates the presence of a defective circuit component. Thus, a systematic
checking of logic state at various points
in the circuit can help locate the defective component (s). Although an oscilloscope or a high input impedance voltmeter can measure both high and low
levels, open state is often mistaken as
either high or low due to the high input
impedance of these instruments. A simple device described here has been designed for one of the most commonly
used lines of logic devices, transistortransistor-logic (TTL) integrated circuits. Although several instruments of
similar function are on the market, this

circuit has a number of advantages over
others in cost, size, and low power consumption. The circuit was built in a %'
x 4' plastic tube, and has successfully
been used for servicing our digital equipment, including a signal averager and a
transient recorder.
Two versions of the circuit were constructed, one with a field-effect transistor
and another with a regular NPN silicon
transistor. Both operate on a similar
principle, but the former has an advantage of higher input impedance, and the
latter is much less expensive ($2.00 vs.
200). Figure 134 is the schematic of a
regular transistor version. The supply

D,

Probe
input

rn

m rn
D2.D3

Input
High
off
Low
h.f.
Open

on

on
off
off

off
on

on

Fig. 134. Schematic diagram of one-transistor
logic indicator. i?i, 100 kohm; R2, 240 kohm;
Rs, 450 ohm; Ri} 50 ohm; d. 5 pF; Cm, 1000
pF; Q. 2X3565 or equivalent XPX silicon transistor; D1-3, light-emitting diodes. MY50 or
equivalent. Ri ma}' have to be adjusted so that
no LED is on when the input is "open."
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voltage to the collector of the transistor.
S dropped to a certain voltage from a
5-volt power supply of the instrument
under test by R< and i?4. When the input
is pen or floating above ground the current flowing through the light emitting
/)•. | and H-2 to the base of the
transistor is not high enough to turn the
transistor on. In this 'open' state, therefore, neither />i nor Da-Da are turned on.
When the input goes logical 'low.' i.e.
nearly grounded, a high current flows
through /)] and R\ thereby causing Dx to
emit
this of'low'
state the isinput
currentlight.
to theInbase
the transistor
low
enough so that the transistor remains off,
thus keeping Dx-D2 off. As the input
_ - 'high' the transistor is now turned
on. allowing a high enough current
through D2 and D3, thereby lighting
them. On the other hand, Dx is not
lighted because the potential at the input
which is also connected to the cathode
• • l>- becomes even higher than that of
the
I reverse biased 1. thus no current goes through T)\. If the input level
- •••mating, due to excellent high-freQcy responses of the light emitting
diodes and the transistor, high frequency
pulses up to 10 MHz can light D1 and
D _— / >3, alternately. Visually, this causes
•;. indicators to light simultaneously.
The combinations of the indicator light
emitting diodes (LEDi
indicating each
ar< summarized in a Table in Fig.
134.
Logic Sequence Display (LSD)
Another

problem
inherent in digital
3 is a number of different but
closely related pulse sequences at various
points in a circuit to control the various
opei
They are usually timed by
al clock. Simultaneous observation of these pulse sr-quMic^ ]> therefore
of great help for trouble -hooting and
for designing a prototype of an
instrument. A two-channel oscilloscope
1- often used to compare two sequences;
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Fig. 135. Block diagram of Logic Sequence
Display. h-U are inputs for four independent
pulse sequences: Ic, external clock input; It,
external trigger input; 1, internal clock; 2, clock
switch; 8, staircase generator; 4, serializer; 5,
sawtooth generator. Waveforms A, B, and C
illustrate outputs of serializer, staircase generator, and modulated staircase for y-axis sweep,
respectively.

a chopper-type four-channel oscilloscope
may be used for the observation of more
sequences, but speed is limited up to the
millisecond range. Besides, the sequence
has to be repetitive for observation with
a nonstorage oscilloscope. A few instruments have recently been introduced
that store several sequences simultaneously and display them either on an
oscilloscope screen or on other display
devices. These instruments, however,
are not likely to become common on an
in-house service bench of a biochemistry
laboratory because their prices range
from $2000 to $10,000. The instrument
described in this paper was built for less
than $50 yet has simultaneous storage
capacity for four channels at a rate as
fast as 50 nsec per point. A block diagram is shown in Fig. 135 (a more detailed schematic is available from the
author upon request) .
Timing is controlled by a clock of the
instrument under test and by a trigger
pulse that can be either one of the input
pulse sequences or the clock. The sequences are stored in 4 X 32-bit, random-access memories controlled by a
scaler and timing control circuits. Memory writings at all four channels are done
simultaneously
but independently.
As
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Fig. 136. Oscilloscope display of logic pulse sequences. Channels 1, 2, 3, and 4 correspond to the
outputs of -J-16, -^-8, -j-4, and -f-2, respectively, from a binary counter integrated circuit (SN7493).
The clock input (100 kHz) to the counter was common to the logic sequence display. Data acquisition was triggered by the channel 3 input.

soon as all. 32 points are written, the
clock input of the scaler is automatically
switched to the internal clock (1 kHz),
and at the same time the memory is
switched to the "read" mode. A serializer at the memory output and a staircase generator are timed by the scaler
so that each step of the staircase wave,
which consists of four steps, corresponds
to each channel output from the memory
in exact order (waveform A in Fig. 135).
Both outputs from the serializer and
from the staircase generator (A and B,
respectively) are mixed so that the staircase wave for the ?/-axis sweep of an
oscilloscope is modulated according to the
logic state of the memory output of the
corresponding channel (waveform C) .
The x axis of the display scope is swept
by sawtooth waves initiated at every
32nd staircase wave. As a result, four
dotted lines with 32 dots each, displaced
vertically according to logic level, are
displayed on the oscilloscope screen
(Fig. 136). The example shown in Fig.
136 is the display of the four output plus
sequences of a binary frequency divider/
counter (SN7493) at a clock frequency

of 100 kHz. It is clearly seen that each
flip-flop of the divider is triggered by the
negative (going down) edge of the input
pulse sequentially, thus dividing the frequency of the pulse by 2 at each step.
The present circuit consists entirely of
TTL-integrated circuits, thus being fully
TTL-compatible. With the addition of
proper input buffers, the instrument can
also be used for other types of logic devices, such as CMOS.
Stored information stays until another
group of data is put in. As data can be
written at any speed (up to 20 MHz)
any 4 X 32-bit program can be written
by manually controlling the clock and
data inputs. Thus, by taking read-output
directly from the memory, the instrument can also be used as a 4 X 32-bit
write- and-scratch programmer.
Acknowledgment

The author wishes to thank Signetics
Corporation, Sunnyvale. California, for
providing free samples of D-MOS FET,
and for a prize for the logic indicator
circuit in their D-MOS Design Contest.
March 1974.

870

CARNEGIE

B [BLIOGRAPHIC

INFORMATION

In Year Book 7t} p. 407. we described
imputer-based system for the storage
and retrieval oi bibliographic information from the photosynthesis literature.
Our file, called Plantbio, is located in
SPIRES
i Stanford
Public Information
trieval System) and now contains
lit 4700 references. We can search
these by author and or category. The
Thesaurus or category list was also published last year and has been updated
only by the addition oi 11-14. Superoxid< Since the unique identification code
II)' for each reference contains the first-

STAFF
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three letters of the first author's surname and the year of publication, a
complete listing of the file can be printed
out alphabetically by first author at any
time without additional programming.
Also, we have a listing of all the references (by ID code) in each category of
the Thesaurus. By combining these two
listings, it is possible to search by subject without interacting directly with the
computer. We intend to update these
listings once or twice a year, and we can
supply them to other laboratories at a
present cost of approximately $30.

ACTIVITIES

I Construction of the new biochemistry
oratory is well under way at the
. i >artment. Keys to the new building
were turned over on October 29, 1974.
With completion of this phase, plans for
modernization of the present building
were set in motion.
During this report year Dr. Winslow
-_r- spent a sabbatical year at the
Institut fur Biologie, Freiburg, Germany,
tinuing his research on the pigments
involved
in plant
development.
Dr.
__- was fleeted to membership in the
tional Academy
of Sciences
at its
annual meeting this year.
A second Gordon
Conference
since
9, wholly on photosynthesis, was held
isl 13-18, 1973, at Tilton School,
Hampshire.
Dr. C. Stacy French
[Director Emeritus) was chairman of a
.<; Drs. Jeanette Brown and
T< tsuo Hiyama also attended.
During August 20-29. 1973, Drs. William Hi id Malcolm Nobs attended
the 13th International Congress of
• B< rkeley and presented a
. ter 'l,<- Congress the Department hosted a tour of the Stanford,
Mather, and Timberline transplant sta-

tions. More than 50 enthusiastic delegates from 14 countries attended. At
Stanford, Drs. Olle Bjorkman and
Joseph Berry presented a brief review of
current work, and the staff conducted a
tour of the present laboratory. At
Mather, Dr. Hiesey (Staff Member, retired) reviewed philosophy, techniques,
and current progress of transplant studies, and Dr. Theodosius Dobzhansky
(Department of Genetics, University of
California, Davis) reviewed the continuing evolutionary studies on Drosophila.
At Timberline, Dr. Hiesey demonstrated
the morphological differences between
the "ecotypes" of various climatic races,
and Dr. Nobs discussed the genetic basis
for this differentiation and reviewed
work on Mimulus.
Dr. Brown attended the annual meeting of the Western Society of Naturalists
in San Diego, December 27-30, 1973,
and presented a paper on the use of algae
for research in photosynthesis.
Jan Kowalik, a member of our support
staff, was given the Anne Godlewski
Foundation Award for 1974 for his research on the Polish press during the
past twenty years. Mr. Kowalik is well
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known for his extensive work on bibliographic documentation.
Dr. Bruce Mahall joined the Physiological Ecology Group as a Research
Fellow in January 1974. He has been
participating in the field experiments at
the experimental gardens and has just
returned from a month-long stay at the
Department's Death Valley garden.
Dr. Norio Murata, University of
Tokyo, Japan, joined the Biochemistry
Group as a Research Fellow on June 10,
1974. Dr. Murata, Dr. Fork, and Dr.
Troughton are investigating the structure and function of membranes associated with photosynthesis.
In late June, Dr. William Thompson
and his family arrived at the Department from the University of Massachusetts at Amherst.
Dr. Thompson is a

specialist in plant development and plant
nucleic acids, and hie addition to the
Department's Staff has greatly enhanced
the new Plant Development Group. Dr.
Thompson also hopes to work in collaboration with the Physiological Ecology
Group in studies of plant evolution at
the DNA level.
Drs. William Hagar and Tetsuo Hiyama attended the Biophysical Society
Meeting in Minneapolis in early June,
where Dr. Hagar presented a paper.
Later in June Drs. Brown, Hagar, and
Troughton presented papers during the
American
Society of Plant Physiologist.-'
annual meeting.
Dr. Hagar has recently accepted an
Assistant Professorship of Biology with
the University of Massachusetts, Boston.
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INTRODUCTION
In a global economy of physical scarcity, science and technology are
becoming our most precious resource. No human activity is less national
in character than the field of Science.
Henry Kissinger, as quoted in Science, 17 May 1974, Vol. 184,
No. 4138, p. 781, from a United Nations address.
At the Department of Terrestrial
Magnetism activities in education and
research are conditioned by the opportunities that can be exploited to give us
a better understanding of the earth, its
inhabitants, and its near surrounds.
Relatively recently we have ventured
into distant space by means of optical
and radio astronomy. Work in these
fields was an outgrowth of earlier activity— studies of the ionosphere, radar,
and cosmic rays from the solar system.
One characteristic of the Department
has been its long and continued activity
in international science. By far the largest of our international cooperative activities lies in the area of geophysics and
geochemistry. Here the earth, from the
crust to the core, is our laboratory, and
field studies are supported by laboratory
analyses, including data reduction and
interpretation as well as chemical and
physical measurements of the properties of rocks and minerals. L. T. Aldrich
and his colleagues (L. Beach, DTM; M.
Casaverde and L. Tamayo, Peru; J.
Bannister, Chile; and S. del Pozo, Bolivia) have been participating in electrical conductivity studies in the Andes.
Results from central Argentina and
Chile show no indication of any deepseated region of anomalous conductivity, and the ocean-edge effect, conspicuously absent along much of the coast of
Peru, appears normal in other regions.
Additional sites in Peru, Bolivia, and
northern Chile will be occupied to attempt to provide data bearing on the
disappearance of the coastal anomaly,
the Cochabamba, the Bolivia anomaly,

and the region around the magnetic
equator where the anomaly has a strong
east-west trend. New digital equipment
has been designed and constructed for
analysis of power spectra which would
correlate smaller time segments in the
variograms and increase the precision of
determining the frequency content of
the magnetic variations.
In another kind of study of the Andes,
which involves the geochemistry and
isotopic composition of volcanic rocks,
D. E. James and his colleagues C.
Brooks (Montreal) and A. Cuyubamba
(Peru) are attempting to understand the
origins and evolutionary history of the
Andean orogenic belt. Mesozoic volcanic
rocks that lie exposed over large areas
of southern Peru represent the first
stages of volcanism associated with subduction of the oceanic plate beneath the
South American continent. The Chocolate volcanics ( ~ 180 m.y. old) and the
Toquepala group ( ~ 70 m.y. old) exhibit
a strong affinity for calc-alkaline islandarc magmas. While the Chocolate basalts and andesites are pervasively
chemically altered, their Sr87/Sr86 ratios
cluster about 0.7040. The Toquepala
group exhibits clearly defined calcalkaline differentiation and strontium
isotopic ratios of 0.7041. Such ratios are
strikingly similar to those observed in
island-arc magmas and lead to the conclusion that these Mesozoic magmas
originated within a zone of subduction
and that older crustal material has
played little part in their genesis. On the
other hand, late Cenozoic andesitic magmas of the Andean crest, thought to
879

sso
originate within the upper part of the
descending Nazca plate and chemically
similar to island-arc volcanics, exhibit
higher Sr87/Sr86 ratios
significantly
which fall into four groups: 0.70670.7078,0.705-0.707; - 0.7085; and 0.7060.
The increasing ratios tend to increase
with both Si Qg content and higher Rb/Sr
ratios, suggesting contamination, and as
the samples become younger the progressive increase may indicate variation
in the magma source region for the different groups.
Analytical studies of the partitioning
of K. Rb, Cs, Sr, and Ba between clinopyroxene and silicate liquid have been
undertaken by S. Hart and C. Brooks
i Montreal) who find that in ultra-pure
mineral samples separated from
quenched basalts the partition coefficients are as much as one-hundred times
lower than those reported in the literature, although the relative partitioning
is similar. Presumably, the earlier results were due to alteration effects or
nonequilibrium trapping of elements.
They have also determined strontium
isotope ratios and concentrations of
large-ion-lithophile (LIL) elements in
relict clinopyroxenes from Archean
ultramafic rocks. The strontium ratios
are variable and higher than would be
expected for a linear closed-system
evolution of the earth's mantle. The
pyroxenes are relatively depleted in LIL
elements, suggesting an affinity with
low-K island-arc tholeiites. The pyroxenes all exhibit anomalously low K/Cs
ratios compared to modern igneous rock.
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lites which are widely assumed to be a
major constituent of the upper mantle.
F. R. Boyd, of the Geophysical Laboratory, had earlier shown that there are
two petrologically distinct types of
garnet lherzolites — sheared and granular. From these rare-earth analyses the
sheared form appears the more primitive and the granular secondarily equilibrated with carbonate-rich kimberlite
magma or recrystallized residue left
after formation of alkalic magma.
Several other geochemical studies are
also reported in detail below. A. Hofmann has examined self-diffusion coefficients of several major and trace
elements in basaltic and granitic liquids
at one atmosphere pressure and above
liquidus temperatures. This work is
undertaken in a laboratory setting with
model systems. Nevertheless, it has
significant implications for predicting
the rate of chemical homogenization in
partially molten magma sources, e.g.,
in the upper mantle, and for the prediction of chemical evolution trends during
fractional crystallization processes. B.
Grauert and his associates have made
numerous age determinations of several
geologically well-studied areas of Delaware, Maryland, and Pennsylvania,

using Krogh's newly developed U-Pb
techniques and K-Ar and Rb-Sr methods. In one of their investigations they
found that Rb-Sr isotope analyses revealed whole-rock ages for the Manhattan schists of 325 m.y. When the same
small slabs are processed to provide
minerals for analysis, the ages determined are about 305 m.y. They interpret
It would appear that the earth's mantle
is undergoing continuous and hetero- the age differences to indicate a metageneous depletion of large cations such morphic event for whole-rock samples,
as rubidium and cesium. Shimizu has and the time of final cooling is indicated
also studied partitioning of K, Rb, Cs, by the mineral age, since isotope exchange of Sr took place only between
Sr, and Ba between clinopyroxene crysimmediately
adjacent mineral grains.
tal- and glass (quenched liquid) at 15-30
kilobars and finds agreement with the
Work in seismology has continued. I.
results of Hart and Brooks who used S. Sacks and S. Suyehiro(CIW Research
naturally occurring basaltic lavas. Associate, Japan) have further evaluShimizu has analyzed eight light rare
ated the in situ behavior of the tripartite
earth elements in clinopyroxenes and array of borehole strainmeters in the
garnets separated from garnet lherzo- seismically active Matsushiro region of
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Japan. The instruments respond coherently and without distortion for periods
between 1 second and 10 minutes even
when subjected to vibrations with accelerations exceeding 1000 cm/sec/sec.
At periods longer than about an hour
the local earth noise, which is dominated
by water movements in the local aquifers, becomes incoherent for instruments only 300 meters apart. For very
long periods ( > day) noise is introduced
for strainmeters of any type — whether
conventional linear or borehole — by
changes in the aquifer unless the meters
can be installed at great depth. In short,
the borehole strainmeters are revealing
their potential as powerful tools in
seismology and are providing insight
into the vicissitudes introduced by local
environmental factors such as barometric pressure changes and other events
of climatological origin.
Linde, Okada, Sacks, and Snoke have
been analyzing earthquake data from
the DTM seismic stations and others to
try to decipher and put in order the
plethora of earth structure models now
before us. Based on the existence of an
arrival (ScSp) Okada has been able to
infer the existence of dipping interfaces
beneath Japan and beneath western
South America. These interfaces under
Japan are believed to delineate the upper boundary of the subducting plate
based on their correlation with the
dipping seismic plane. This same interpretation isapplied to the interfaces
under South America even though a
seismic plane is not well defined there.
Linde has analyzed magnitude-energy
relationships for two suites of South
American earthquakes, one at deep
focal depths ( ~ 600 km) and the other at
intermediate depths ( ~ 200 km). Frequency domain calculations, which include essentially all the radiated energy,
suggest a difference between the two
suites in that the ratio of high-frequency
( > 1 Hz) to low-frequency energy varies
differently with magnitude. Such a
result implies complex mechanisms for
the generation of earthquake radiation.
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Snoke has examined mathematical
models for earthquakes in order to learn
what type of earthquake radiation spectra can be expected from an in homogeneous medium under concentrated prostress. He has found that variations in
the prestress conditions or the elastic
homogeneity or both appear to have a
marked effect on the low-frequency
part of an earthquake radiation spectrum. However, a closer examination
showed that these effects resulted from
nonphysical terms in the source theory
used and that eliminating these terms
left a spectrum which is essentially
identical to that for a uniformly prestressed homogeneous medium. By
examining anomalous high-frequency
arrivals from deep-focus South American earthquakes, Snoke, Sacks, and
Okada also found that such arrivals can
be explained by the existence of a dipping interface down to about 250 km,
but that a continuous lithospheric slab
extending to the deep-focus earthquakes
(500-600 km), such as has been proposed
in certain wave-guide models, is not
required.
Work in the Astrophysics Section has
continued to include observations of
systems of galaxies, of individual galaxies and stars, and of intergalactic and
interstellar matter. In addition, nuclear
and atomic physics provides challenging
experimental findings.
In general, astronomers seek to locate
aggregations of matter in space and describe their structures and interactions.
Rubin and Ford have continued their
measurements of Sc 1 galaxies. Optically
determined radial velocities for such
galaxies of 14.0 < m < 15.0 have been
added to and supplemented in many
cases by radio-frequency (21-cm) velocities in collaboration with Thonnard and
Dr. Morton Roberts of the National
Radio Astronomy Observatory, Greenbank, West Virginia. Dr. John Graham
of the Cerro Tololo Inter-American
Observatory has determined apparent
magnitudes of the southern hemisphere
objects. For the total sample of 186 pro-

SS2
gram galaxies, velocities, magnitudes,
and luminosities are now available. The
spatial velocity anisotropy reported last
year persists and is supported by the
newer observations. An intensive effort
is under way to understand this curious
phenomenon, and other parameters,
such as diameter studies and H I mass
determinations, may be revealing.
Warner's work in the infrared region
has proceeded on several fronts as observational opportunity has presented
itself. It centers mostly on individual
galactic nuclei which are generally difficult to perceive because of obscuring
stars, dust, and the ambiguous nature of
galaxies themselves. His studies are too
numerous to describe here except to
remark that they involve trying to
"see" through galactic obscuration via
infrared windows which, under favorable circumstances, give glimpses not
available in the visible regions of the
electromagnetic spectrum. For example,
he has been using the DTM-RCA S-l
image tube for both direct and spectrographic observations to investigate H II
(ionized) regions in planetary nebulae
and between them and to search for very
red stars in "dark nebulae," galactic
clusters, and other star-forming regions.
He confirms some spotty earlier observations and rules out some inferences
drawn from others. His work with us as
a Carnegie Corporation Fellow contributes importantly to the substance of a
difficult area in astronomy.
Our efforts to understand the history
and behavior of matter in our small
segment of the universe lead us along
many paths. It is no wonder then, that
in physics conceived in its broadest aspects, we would also respond to an ever
nding probing into what the more
difficult anrl esoteric regions of the
electromagnetic spectrum could reveal.
Radio astronomy was brought into the
Department when Tuve and Tatel
sensed that Edward M. Purcell's discovery of discrete radiation from hydrogen reached out and gave us a new view
of how the universe might appear. Years
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before,
Jansky
hadLabs
"heard"
in
his receiver
at Bell
and wasnoises
able to
trace these to the nucleus of our Galaxy,
which is masked to optical observation.
As an outgrowth of these early years we
still have a modest but fruitful program
in radio astronomy, both in the United
States and in cooperation with the Instituto Argentino de Radioastronomia.
Among the many observations being
undertaken by Turner and his colleagues
is a search for an intergalactic bridge of
neutral hydrogen between our Galaxy
and the Small Magellanic Cloud. About
150 profiles have now been gathered and
are being analyzed.
A number of other studies in radio
astronomy are currently under way at
our Derwood 18-meter radio telescope
and in cooperation with scientists at the
National Radio Astronomy Observatory,
Greenbank, West Virginia. Assousa has
emphasized observations of several
supernova remnants. He and his colleagues find that for HB21 and S147
during the late stages of expansion, a
supernova accretes massive amounts of
interstellar material in the form of an
expanding fragmentary shell that extends beyond the boundary of the optical
and radio-continuum regions identified
with the remnant. This finding implies
that the shock front lies outside the
radio shell. Tuve, Ecklund, and Little
are embarked on a search for very high
velocity hydrogen clouds. This search,
by all prior evidence, has little chance of
success in finding clouds which recede
faster than perhaps 200 km/sec, "but
the search should be made," in Tuve's
words. Why? Almost no other laboratory can afford to devote telescope time
and talent to such a venture. Yet, Dr.
Tuve believes, with many of his Staff
colleagues, that risk ventures are worthwhile in the Carnegie Institution. No
new clouds have been identified but
tantalizing hints point the way toward
further data gathering. Thonnard has
been observing H20-line and hydrogenrecombination lines at Derwood. Enough
data have been gathered to provide the
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basis for a further contribution in the
understanding of the structure and
dynamics of outer space.
Brown, Urs Rohrer (Basel), and
Arnold and Seyler (Ohio State) have
continued their studies of (p,n) nuclear
reactions, using our electrostatic generator. Their principal approach is to impinge polarized protons upon light nuclei

The compound N-acetylaspartic acid
(NAA) has been confirmed by Roberts
to cause a two-fold stimulation in
the rate of learning a conditioned avoidance response in mice. He has attempted
to discover the biochemical mode of
action of NAA by searching for concentration changes in catecholamines,
amino acids, peptides, and proteins.
at energies of a few MeV. "Low-energy" Hundreds of analyses have been carried
nuclear physics continues to be impor- out, but the mode of action remains
tant in revealing some of nature's nu- elusive. Nevertheless, the effect of NAA
is worthy of further study, and many
clear secrets. For example, a new
alternatives
have been ruled out.
theorem relating the polarization and
analyzing power for (p,n) transitions • The flowering plants include over a
between members of an isospin multi- half-million described species and comprise alarge fraction of the terrestrial
plet has been suggested; and clear evidence for the presence of a tensor compo- biomass, yet very little is known about
nent in the nuclear forces acting in one their origins or even phylogenetic relationships atthe interordinal level. Walof the excited states of the 4He nucleus
lace and his collaborator D. Boulter
has been adduced.
Many of the activities of the Bio- (Durham, England) have continued
earlier studies of plant plastocyanins,
physics Section are ongoing programs
which have been mentioned in earlier components of the photosynthetic elecreports. Cowie is continuing his work on
tron transport chain, by means of immunological techniques and find that
protein-protein interactions, in cooperation with G. N. Cohen and P. Truffa- the immunological difference data parallel those for the amino-acid sequence
Bachi of the Pasteur Institute. They are
differences
among the proteins. These
studying changes in conformational
states and concomitant enzyme activi- results pertain to the evolution of the
plastocyanin gene, but how they relate
ties of a key bifunctional tetrameric
enzyme of the bacterium E. coli, aspar- to the evolution of the whole plant remains, ofcourse, for future study.
tokinase I-homoserine dehydrogenase I.
The remainder of the Biophysics SecThe four identical monomeric building
tion's work centers about various phases
blocks are stabilized by K+ and Laspartate to yield an active form, of nucleic-acid interactions and their
while L-threonine, although stabilizing implications for nucleic-acid structure
the complex, produces an inactive prod- and organization and for organic evolution. N. R. Rice has made detailed
uct. These forms exist in equilibrium
and their activity depends upon the studies of the fine structure of mouse
satellite DNA and has extended her
relative proportions of the small-molecule ligands present. This year Cowie
findings relating to the possible evoluhas concentrated on studies of this
tionary significance of the satellite. She
has
also
investigated the action of SI
system, using immunoadsorbent columns containing active antibody specific nuclease, which cleaves single-stranded
DNA, on native, reassociated, and misfor the wild-type enzyme. By manipumatched DNAs. T. Bonner has isolated
lating the various components of eluting
solutions, he has been able to discern
and partially characterized hairpinseveral configurational states of the forming sequences in mammalian DNA.
M. Davis has studied the effect on rate
enzyme and combinations of the monomers, some enzymatically active and
of evolution of base-pairing in several
some inactive.
bacteriophage RNAs.
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This has boon an exciting and productive year for the Department. The body
of the report which follows contains
much that the interested specialist, or
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the interested "generalist" for that mattor. will want to delve into. Wo hope that
he will be challenged and his efforts
rewarded.

ASTROPHYSICS
G F. Assousa, L. Brown. E. T. Ecklund, W. K. Ford, Jr.. C. K. Kumar, C. A. Little, U. Rohrer,
V. C. Rubin, N. Thonnard, K. C. Turner. M. A. Ture, and J. W. Warner
Collaborators
L. G. Arnold, B. Balick, D. T. Conner*, W. C. Eriekson, J. W. Erkes, J. Graham,
M. S, Robert*. K. Rubin. R. J. Rubin. R. G. Seyler, and H. Van Rinsvelt
INTRODUCTION

Astronomers seek to locate the aggregations of matter in space and describe
with the simplest possible assumptions
their structures and mutual interactions. Present understanding ranges
from precision to ignorance — complete
ignorance if one allows for classes of objects not yet observed but which may
well exist. New instruments have frequently led to the discovery of such
objects and thereby to unsuspected uses
for older, well-established observational
techniques. Areas of astronomy that
have lain dormant often become active
on the introduction of new methods of
observation, as in the current study of
the solar system, in which astronomer
and geophysicist work together.
The nucleus of our Galaxy, long obscured in the visible part of the spectrum, showed itself in Jansky's observations with radio waves and recently
in unexpected detail in the infrared. The
puzzle of quasars, thought by many to
be the nuclei of very distant galaxies
undergoing some extraordinary but
probably not unique process, has added
a particular zest to the subject. It has
been a most natural outgrowth of the
work of Rubin and Ford on the rotation
of M 31, work undertaken in part because of the capabilities of the Carnegie
image tube, to pursue their observations
into the problems of galactic nuclei. This
work has also been a partial motivation
for Warner to develop the skills required

for the infrared tube, which he has used
both for spectroscopy and star field
work in addition to optical and radio
techniques. He seeks to compare the
characteristics of galactic nuclei with
objects that are fairly well understood
and has noted some similarities to
planetary nebulae.
Rubin has continued her study of the
anomalous distribution over the sky of
the velocities of Sc I galaxies. Additional
data have been added to the already impressive array, including radio as well
as optical observations. More important
has been the systematic study of the
possible causes of the effect: local motion, attenuation of the radiation by uncharted dust clouds, or an anisotropy of
the expansion or in the spatial distribution of the galaxies.
Hydrogen-line studies of supernova
remnants by Assousa and others have
shown a discernible shell of accreted
hydrogen as expected but a shell that is
larger than the one emitting in the radio
continuum, thereby upsetting some
ideas about the nature of the shock
front, the accretion region, and the
galactic magnetic field.
The Derwood 18-m dish serves Tuve
in his search for clouds of hydrogen with
velocities that are large compared with
those associated with our Milky Way.
Thonnard, Ecklund, and Little have
improved the dish's efficiency for 1.5cm radiation, as demonstrated by the
first observations of one of the hydrogen
recombination lines.
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In our efforts to understand the history and behavior of matter in our small
corner of the universe, we are fortunate
in finding in the Magellanic Clouds of
the southern hemisphere a natural
laboratory of star formation, galactic
dynamics, and galaxy interaction. These
objects, the Milky Way's nearest neighbors, afford us at close range, yet sufficiently far so that all their matter may
be considered to lie at the same distance,
a view of two galaxies that are quite
different from our own and that interact gravitationally with each other and
with our own system.
The Department of Terrestrial Magnetism responded to this opportunity by
constructing in the early 1960s, in collaboration with the Research Councils
of Argentina and of the Province of
Buenos Aires and with the Universities
of Buenos Aires and La Plata, a 30-m
radio telescope and" a hydrogen-line
receiver at the Instituto Argentino de
Radioastronomia. Since then a major
part of our observations in radio astronomy have been made there.
The portion of the section's activities
that centers on the Carnegie Van de
Graaff is the consequence of an instrument created for experiments of the past
but uniquely matched to those of the
present. It is set to examine light nuclear reactions and atomic structure,
both of which are problems close to
astronomy, but it also adds a healthy
dose of physics to the staff through their
direct participation and discussion.
Evidence for the action of the nuclear
tensor force appeared unexpectedly in
measurements with the polarized proton
beam of the Van de Graaff. This force,
heretofore observed only in two and
three nucleon interactions, is very likely
the cause of an otherwise puzzling mixture of angular momentum states in a
level of the a particle, as observed
through the 3H(p,n)3He reaction. This
is the first application of a general theorem concerning (p,n) transitions between members of an isospin multiplet
that came as a direct result of studies of

the 7Li(p,n)7Be reaction with DTM's
polarized beam. Other work on the Van
de Graaff has a slightly more direct
relation to astrophysics, being a study
of the excitation mechanisms for x-ray
production in the collision of energetic
atoms and ions. Eventually this kind of
knowledge will bear on problems of
astronomical x-ray objects, but this
connection lies in the future.
GALAXIES

The Velocities of Sc I Galaxies
Rubin and Ford's major research activity of the year has been to obtain
radial velocities of Sc I galaxies, 14.0 <
m < 15.0, to continue the study of the
isotropy or nonisotropy of these velocities on the sky. Additional optical velocities have been obtained, and 21-cm
velocities have been obtained by Rubin
in collaboration with Thonnard of DTM
and M. Roberts of the National Radio
Astronomy Observatory. J. Graham of
the Cerro Tololo Inter-American Observatory continues to observe magnitudes of program galaxies in the southern hemisphere.
For 186 program galaxies, values of
velocity, magnitude, and luminosity
classification now exist, and a preliminary analysis indicates that an anisotropy in velocity exists at the 5 or 6 a
level. To attempt to identify the source
of the anisotropy, studies of diameters
and neutral hydrogen masses are now
under way. Preliminary diameter studies indicate that the galaxies of larger
velocity are smaller and hence more distant. If this result is supported by the
H I masses, then the observed effect
cannot be due to a large motion of our
Galaxy nor to two values of the Hubble
constant. Instead, an explanation must
be found in terms of systematic effects
in the apparent or absolute magnitudes
of the galaxies.
Computer experiments by Rubin, in
collaboration with Karl Rubin of Princeton University, have answered questions concerning the influence on the
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observations of dispersion in the galaxy
luminosity, dispersion in velocity, size
ot the magnitude search window, and
large spatial density fluctuations. One
interesting result shows that the constraints imposed by the observed distributions inapparent magnitude and in
velocity restrict substantially the density fluctuations which can be imposed.
For the observed sample of galaxies,
only somewhat less than one-half of the
observed anisotropy can be due to largescale clumping (100-150 Mpc) of Sc I
galaxies in the observed distance range.
Observations are continuing, and the
sample is being enlarged to include
brighter (closer) galaxies.
The Statistics of Galaxy
Alignments
It has been suggested (Arp, 1972, and
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references therein) that the apparent
linear arrangement of some quasistellar objects and peculiar galaxies is
evidence for the production of QSOs by
these galaxies. Turner has investigated
the probability of finding such an arrangement bychance. The calculation
of this probability is severely complicated by the geometry of possible arrangements wThen the number of objects
exceeds four or five. Such calculations
have therefore been supplemented by
computer simulation. Turner's results
indicate that "surprising" arrangements
do occur quite frequently on a chance
basis.
Coordinates for a number of points
were chosen at random over a 100 X 100
grid. Then, using various criteria for
alignment, the number of points falling
in a line was counted. For each criterion

0.6

N
Fig. 1. Probability of finding 4 objects in a line (P4), when TV objects are in the field, for various accuracy criteria* ratio of distance to line to linear dimension of field, in percent).
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Fig. 2. Ten randomly located points. The dashed line may be drawn through 4 points with an accuracy
of about 1% (distance of points from line/line length). The probability of such an arrangement is about
15%.

and number of points, at least 3000
trials were made in order to estimate a
probability with an uncertainty less
than 0.01. Figure 1 shows one of the
results. The probability of finding four
objects in a line (but no more) is given
as a function of the number of objects
in the field for various accuracy criteria.
These criteria are characterized by the
ratio of the width of the line to its length
in percent.
To illustrate, Fig. 2 shows ten points,
with random positions, generated in this
study. It will be seen that four lie very
close to a straight line. From the curves
of Fig. 1 we see that the probability that

four points may be found within one
unit of some such line is about 0.15.
These calculations will now be applied to linear arrangements of galaxies
offered as significant alignments. A fair
fraction of these is expected to appear
upon analysis as not statistically improbable.
Reference

Arp, H. C, in IAU Symp. No. U, D. Reidel Publ.
Co., New York, p. 380, 1972.

The Kinematics of Barred Spirals
Rubin and Ford have studied the kinematics of three barred spiral galaxies,

sss
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NGC L300, 3351, and 5383, for which
they have been collecting spectra for
several years. The nucleus of NGC 3351
consists 6f a ring of "hot spots" (so
named by \Y. \Y. Morgan in 1958) and
has a vastly different appearance in the
blue spectral region than in the red light
o\ H a and forbidden ionized nitrogen
[N III. The velocities for nine position
angles reveal a systematic pattern
around the ring. These arise from both
an expansion and a rotation in the plane
of NGC 3351, with Krot = 110 km/sec1
and Vexp =47 km sec1, at i?=350 pc.
This is detailed velocity information
very close to the nucleus of the galaxy,
at a distance less than one-tenth of the
total radius. Such details are available
for very few galaxies.
The hot spots in the nucleus appear to
be conventional H II regions ionized by
hot 0 and B stars, but with an extremely low level of excitation. Dust lanes
prominent in the nucleus (and in the
nuclei of most barred spirals) may decrease the effective temperature of the
exciting radiation. In the 107 year lifetime typical of 0 and B stars, the expansion velocity could just have carried
the stars and the associated gas from
the nucleus to their present positions.
Rubin and Ford are continuing to gather
spectra of these barred spirals, particularly of the bars and the outer structures.
Stellar Content of NGC 5195
NGC 5195, the companion to M 51
which shows significantly different
structure depending on the bandpass
used, has been studied by Warner using
a method of population synthesis. From
spectra taken of the 2-6 arc-second
nucleus of this galaxy obtained with the
Perkins 72-inch telescope and the DTM
spectrograph, Warner has obtained
equivalent widths for the major absorption lines and continuum measures,
using photographic techniques. Published values of equivalent width and
continuum as a function of spectral type
were then combined to trv to match the

INSTITUTION

observed features. The results show the
nucleus to be composite, with both early
and late stars present. Excesses in the
observed sodium, calcium, and magnesium line strengths when compared
with model predictions suggest interstellar line absorption or "super-metallicity" or both as playing an important
role in the population problem. From
published measures of Ha equivalent
widths, the [N II]/Ha ratio leroM/I65e3 was
estimated to be > 1 for regions of 2.5 and
6.0 arc seconds centered on the nucleus.
This ratio has been measured to be 4.1
in the nucleus of the companion, M 51,
and suggests that the two galaxies have
similar nuclear properties. This is also
consistent with both galaxies being
spirals, as the above infrared observations suggest.
The Magellanic Clouds and
Environs
One hypothesis of the origin of the
high-velocity clouds is that they represent debris from a recent encounter between the galaxy and the Magellanic
Clouds. This picture has been investigated in some detail here at DTM as
reported in past Annual Reports and
elsewhere (Mirabel and Turner, 1973).
During the last year, Turner has explored the region indicated in Fig. 3 for
possible gas of this origin, at the suggestion of A. Toomre (personal communication). Specimen profiles will be seen in
Fig. 4. More extensive observations in
this region will clearly be required to
fully evaluate this model.
Much more clearly related to the
Magellanic Clouds is the recently discovered Magellanic Stream (Mathewson,
Geary, and Murray, 1973). Attempts by
Turner, Erkes, and Conners to separate
this material from the Small Magellanic
Cloud proper are illustrated in Figs. 5
and 6. Figure 5 shows two velocity-distance plots in the region where the
Stream merges with the Small Cloud.
The Stream gas, extending upward,
seems fairly well confined to velocities
greater than about 40 km/sec (galactic
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Fig. 3. Positions searched for high-velocity neutral hydrogen. Gas associated with the Small Magellanic Cloud lies to the left of the line labeled SMC hydrogen.

rotation removed). Figure 6 shows a
map of the distribution of all hydrogen
in the SMC with V < 40 km/sec. It was
hoped that the extremely complex velocity field of the Small Magellanic Cloud
might be simplified by eliminating the
"foreign" material. It is easy to see from
the second diagram that no really clear
separation is possible. The dashed contours show that not all the Stream gas
has been removed. Furthermore, the
connection to the Bridge region (the
diagram to the left) is hardly affected.
So far, the most that one can hope to do
is to delimit crudely three or four sub-

systems: The Stream, the Bridge, the
Wing, and the Small Cloud itself, with
perhaps an expanding shell to one end.
A detailed look at one interesting area
in the Bridge region of the Magellanic
Clouds will illustrate the extreme complexity ofwhatever is going on. Figure 7
shows a typical profile at a =45.30,
5 =-73.54 (1975.0) and Fig. 8 shows a
map of three components that may be
distinguished in this area.
Reference
Mathewson, D. S., M. N. Geary, and J. D. Murray.
Ap. J., 190, 291,1974.
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The Wolf-Lundmark-Melotte
Galaxy
The Wolf-Lundmark-Melotte Nebula
(A 2359), a nearby dwarf irregular galaxy, is rich in hydrogen, relative to
stars, and represents a system less tidally disturbed than the Magellanic Cloud
system. Observations of this galaxy at

21 cm have been made by Thonnard and
Turner at the Instituto Argentino de
Radioastronomia (IAR) and by Thonnard at the NRAO.*
Optically, the object is only 15 min*The National Radio Astronomy Observatory is
operated by Associated Universities for Research
in Astronomy, Inc., under contract with the National Science Foundation.
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Fig. 9. 21-cm hydrogen-line emission at the optical position of the Wolf-Lundmark-Melotte galaxy
seen with the 100-foot CIW-IAR radio telescope.

utes of arc in size, but in neutral hydrogen material is seen at similar velocities
over an area of several Hegrees. Figure 9
shows a hydrogen-line profile at the optical position of the galaxy taken with
the 100-foot telescope at the IAR. In
Fig. 10, hydrogen-line emission is still
seen at the systemic velocity 180 arc
minutes south of the galaxy. Observa-

!

•x

1

tions with the 300-foot NRAO telescope
taken 75 arc minutes west of the galaxy
(Fig. 11) also show hydrogen-line emission. This region is complicated, as it is
imbedded in the Magellanic Stream discovered by Mathewson et al. Further
observations are planned to understand
the structure of the galaxy and its relationship with the surrounding gas.
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Fig. 10. 21-cm emission seen 180 arc minutes south of the galaxy.
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Two Chains of Southern Galaxies
Two associated chains of southern
galaxies, NGC 7172/3/4/6 and NGC
7201/3/4, have been studied by Rubin
with photographs taken at Las Campanas Observatory and Kitt Peak National
Observatory and with spectra from the
Cerro Tololo Inter-American Observatory. Interest in the galaxies arises from
their configuration on the sky and the
large range of peculiar morphological
types exhibited by the galaxies. The
small dispersion in velocity which was
observed is not typical of many previously studied chains.
Accurate Positions of Selected
Radio Sources
In an attempt to identify unusual
astronomical objects, Warner, Assousa,
and B. Balick of Lick Observatory have
observed 71 radio sources from the 1415
MHz Ohio survey ( Year Book 72, 184,
1973) with the three-element interferometer at the National Radio Astronomy Observatory. A number of these
were found to be compact, and positions
for them have been obtained (Warner,
Assousa, Balick, and Craine, 1974). In-

ternal errors are generally less than 0.7
arc seconds. Systematic errors are approximately 0.5 arc seconds (Wade,
1970). Positions for two sources, OC-286
and OC-390, also were measured by the
Texas group (Ghigo and Owen, 1973)
and agree within quoted errors. Optical
positions and identifications were found
by E. R. Craine of Steward Observatory.
Errors in the optical positions are on the
order of 1" . With the exception of OB078, the agreement between radio and
optical positions is very good.
Figure 12 beam
shows atthe2695
inner
90"
synthesized
MHz90"forX the
radio source OX-260, typical of other
sources observed.
Many of the remaining sources on our
program were found to be weak or tc
have lobe shift ambiguities or both.
Further work on these is being done
to determine their most probable positions and their identifications.
References
Ghigo, F. D., and F. N. Owen. Ap. J., 78, 848, 1973.
Wade, C M., Ap. J., 162, 381, 1970.
Warner, J. W., G. E. Assousa, B. Balick. and E. R.
Craine, unpublished results, 1974.

CARNEGIE

$96
THE

RADIO

INSTITUTION

SOURCE

OX-260

Inner 90" x 90" of synthesized beam
at 2695
MHz
Baselines:
2700, 1800, 900 meters

CO

:;

Q

o

Radio
Map

Optica
position

position

o
a:
<

center
C

i
uj

:

L

-~3200r

-10

-40

-40

-30

-20

10
0
RIGHT

ASCENSION

20
IN ARC

30

SECONDS

Fig. 12. The inner 90" X 90" of the synthesized beam for the radio source OX-260 at 2695 MHz showing
main and side lobes. The optical position lies very close to the peak of the central lobe.
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Hydrogen recombination lines, microwaves emitted by transitions between
very high quantum states, have never
been observed in the laboratory, but
their existence was presumed by Bohr
in his original paper on the atom in 1913.
He noted that for such transitions the
frequency of radiation nearly equaled
the frequency of electron rotation, as
predicted by classical physics, and this
became the basis of the correspondence
principle that eventually led Heisenberg
to quantum mechanics. It remained for
radio astronomy to observe the phenom-

enon ahalf-century after its prediction.
The study of hydrogen recombination
lines has been a very powerful tool to
earn some of the physical conditions
prevalent in H II regions. In recent
years, these observations have been extended to very low frequencies (Parrish
et a/., 1973) and to very high frequencies
(Sorochenko and Berulis, 1971), and
interestingly, the derived physical conditions show large differences.
Due to the wide tuning range of our
mm-wave front end, the H69« through
the H64tv hydrogen recombination lines
fall within the receiver passband. H69<v
denotes a transition from principal
quantum number n = 70 to n = 69. In October and November 1973, a search was
made by Thonnard for the H67« and

1

l

I

'

1

Trms

/

\ <;

1

'

1

Oct. o.5, 1973
H67a m Orion

- in • Average of 3 channels
'
o Average of 9 channels

1

1

_\_
i

•.

7.0
•

•

//

-

8

.

.

*
•

6.0

J•

8 .bo • •

FWHM
•

/

1

— • —

\
\ o

•
^ i

i

-60

-40

—

-20
VELOCITY

i

0

1

1

channels
•

+20

•

- — *.o 8—* -*§— » V-

•

•

•

•

•
-80

—

= i.0°K

1

# \

o
•

6.5

■

r

V

7.5

DC
LlI
Q_

1
'max■

i

t

or
<

897

i

'
■-**•

—

8.0

1 1
MAGNETISM

TERRESTRIAL

OF

DEPARTMENT

1

1

+40

1

_

1

+60

l

1

+80

(KM/SEC)

o~

Fig. 13. Spectrum of the H67a hydrogen recombination line seen in the direction of the Orion Nebula.

H68« recombination lines, which had
not been previously seen, in the Orion
Nebula. The H67« line was clearly detected (Fig. 13). The line-to-continuum
ratio is about 0.3 and the line width is
1435 kHz. Even though the data are very
noisy, it is apparent that the line width
is significantly narrower than the values
reported for the adjacent H66« line
(Waltman and Johnston, 1973). Although itis difficult to visualize any instrumental effects that would decrease
the line width, these observations will
be repeated after planned receiver improvements are completed.
References,
Bohr, N,PM Mag., 26, 1, 1913.
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Bull, 5, 452, 1973.
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Observations of Galactic WaterVapor Emission
The dynamics of galactic H20 line
sources is still a very intriguing and

little understood subject. The large
velocity spread (>300 km/sec), very
small angular size, rapid intensity variations but reasonably fixed position in
velocity for the characteristic peaks,
make it difficult to visualize a coherent
model. This has made it important to
continue systematic observations of
these sources, which can only be undertaken at a readily accessible observatory
such as Derwood.
In the spring and summer of 1973,
Thonnard made 15 consecutive weekly
observations of the water-vapor emission from W-49. In the fall, emission
from W-49 and Orion-A was observed
for 12 consecutive days. Unfortunately,
during one of the latter observations, an
instability in the local oscillator phaselock loop was discovered which caused
sidebands to appear in the velocity
spectrum only if very intense and narrow lines were present. The oscillation
problem has been solved, but some of
the earlier data show some contamination due to this recurring instability. An
attempt to save the data by integrating
the velocity profiles so that the phase
instability becomes small, compared to

CARNEGIE

S9>
the spectral
way.

resolution,

is now

under

A program oi daily observations over
a period oi six weeks has recently been
completed. The project was undertaken
with Dr. W. C. Erickson oi the University oi Maryland and eight of his
students.

Search for Very High Velocity
Hydrogen Clouds
A continuing program of routine
measurements searching for neutral
hydrogen clouds approaching or leaving
our Galaxy (or our location in the Galaxy) at velocities up to 800 km/sec has
been carried on during much of the report year by Tuve, Ecklund, and Little.
While there is little expectation of success in finding clouds faster than the
previously observed limits of about 200
km sec. the search should be made, at
least for possible intergalactic aggregations of hydrogen which might be swept
toward our Galaxy.
Figure 14 shows the points observed
prior to April 1974. The normal half-

INSTITUTION

power beam width was 0.47°, but for
many
of the observations
this was
widened to about 2° by offsetting the
antenna dipole to increase the area of
sky searched, with a slight diminution
of sensitivity. With the equivalent receiver temperature of about 300°K and
three independent 54-channel observations of 90 seconds each extending from
the local hydrogen at zero velocity out
to 800 km/sec (approaching or receding)
for each point, it is estimated that any
cloud with a velocity spread of less than
400 km/sec and giving an antenna tem0.7°K with
our 60-foot
torial perature
dish ofwould
be noticed.
If a equacloud
has a velocity spread of 600 or 700 km/
sec or more and gives an antenna temperature of only 1 or 2°K, it will probably be missed, and the deflection ascribed to a base-line variation. The base
lines for this wide frequency range (4
MHz) are always somewhat curved, due
to characteristics
of the parametric
amplifier at 1420 MHz. No new clouds
have been identified in this continuing
search. A few faint indications of clouds
require further study.
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Supernova Remnants

II
m

SNR SU7. Detailed neutral hydrogen
observations have been made by G. E.
Assousa, B. Balick of Lick Observatory,
and J. W. Erkes, State University of
New York, Albany, of the supernova
remnant S147, which lies at the galactic
anticenter (4 = 180°, ba = 1.7°). These
show evidence of an expanding, fragmentary shell. The picture which
emerges is not unlike that for the remnant HB21 (Assousa and Erkes, 1973).
Three tests are applied to establish
the association of the hydrogen with the
remnant: (1) The hydrogen is positionally correlated with the radio-continuum and optical features ascribed to the
remnant. (2) The distribution of hydrogen in the immediate vicinity shows a
progression from a disk distribution at
the highest approach and recessional
velocities, changing to a series of increasingly larger rings, the largest ring
being at the central velocity. Figure 15
represents an idealized distribution for
a shell expanding at 25 km/sec. The interstellar hydrogen is clearly nonuniform, Thus, the accreted material behind the SNR shock front is also
expected to be nonuniform. (3) The
kinetic energy at the onset, based on the
estimate of the present mass and velocity of the accreted expanding shell, is
consistent with energies expected for a
supernova explosion, e.g., Type II SNR
E = l-5 X 105() ergs.
Figures 16 through 24 display the
neutral hydrogen distribution in the
vicinity of S147 over the velocity interval
F = -43.8 km/sec to V = -21.6 km/sec in
2.75 km/sec steps. The coordinates are
the galactic longitude and latitude. The
contour levels, representing the antenna temperature Ta, times the radial
velocity (AF), are normalized to AV = 1
km/sec. The contours are a direct measure of the hydrogen mass. The dotted
contour is the outline of the visible remnant. In the sequence a single cloud is
associated with the SNR at the largest
velocity of approach (-43.8 km/sec) for

B

Fig. 15. An idealized distribution of neutral
hydrogen in 5 km/sec intervals observed along the
line of sight. V = observed radial velocity along
line of sight (km/sec).

which hydrogen was detected (Fig. 16).
Although not disk-like, it is clearly the
only cloud in a 25-square-degree area.
As the velocity of approach falls off, the
disk feature grows brighter (Figs. 1718), then additional clouds appear outside the continuum (Figs. 19-22). A welldefined C-shaped ring emerges at -24.6
km/sec (Fig. 23). No ring-like structure is seen beyond T = -21.6 km sec
(Fig. 24). Table 1 lists the relevant parameters for S147. The distance to the
remnant is taken to be 1.0 kpc. The ratio
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of the hydrogen radius to the radiocontinuum radius is 1.48, comparable to
the value for HB21 where the ratio is
1.37. The expansion velocity is 25 ± 5
km/sec. No optically determined velocities are available for comparison. In the
case of HB21, the agreement between
optical and radio velocity measurements
is excellent (Lozinskaya, 1972). Finally,
the calculated kinetic energy is 1 X 1050
ergs. This is clearly consistent with the
kinetic energy associated with a Type II
SNR.

SNR Cygnus Loop. In contrast to
HB21 and S147, the Cygnus Loop is expanding atthe relatively high velocity of
120 km/sec. This implies that the remnant has not acquired a sufficiently
large mass of neutral hydrogen to become visible at 21 cm. The onset of the
isothermal phase of the expansion (the
phase during which the neutral shell
forms) begins at 200 km/sec. Minkowski
(1964) estimates a total of 400 M0of accreted interstellar hydrogen. The question of what part is neutral can be
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Fig. 21. The integrated hydrogen in the vicinity of S147 for a velocity interval of 2.75 km/sec, centered
at V = - 30.1 km/sec.
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Fig. 22. The integrated hydrogen in the vicinity of S147 for a velocity interval of 2.75 km/sec, centered
at V = — 27.0 km/sec.

answered
directly
observations.

through

21-cm

Figures 25-29 give the observed neutral hydrogen as a function of longitude
and latitude between -95 km/sec and
-30 km /sec. The dearth of hydrogen is
clearly evident, with a maximum observed antenna temperature of a few
degrees. If a disk feature is present, it is
too faint to be seen. A faint, semicircular
distribution appears at -30 km/sec —
the only evidence of a possible disk-ring
structure. Scaling from the observations
for HB21 and a maximum observed an-

tenna temperature of 18°K, a maximum
antenna temperature for the Cygnus
Loop of 1.8°K is expected. Such a temperature isobserved at -30 km/sec. In
the velocity interval -22 km/sec to +28
km/sec the galactic hydrogen is so complex that nothing can be said about possible association with the remnant. For
V > 28 km/sec (Figs 30-32), there is no
evidence of remnant-associated hydrogen. However, a bright cloud is seen at
l,2 =76°, bl2 =-6° and persists through
V = +68 km/sec. The galactic hydrogen
appears to have governed the expansion
parallel to the galactic plane, the effect
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being most evident at -79 km/sec
(Fig. 26).
The minimal amount of interstellar
hydrogen is not inconsistent with the
picture which has emerged for HB21
and S147. On the basis of these observations the following features emerge: (1)
During the late stages of the expansion,
a supernova remnant accretes massive
amounts of interstellar material in the
form of an expanding, fragmentary
shell. (2) The accreted shell extends beyond the boundary of the optical and
radio-continuum regions identified with
the remnant. This implies that the shock
front lies outside the radio shell, heretofore assumed to be coincident with the
shock front. (3) The shell, when observed, expands with a characteristic
velocity. Deviations from this velocity
occur within the individual fragments.

able optical and radio-continuum observations, aschematic picture of the remnant (Fig. 27) can be constructed. The
radio shell is innermost, followed by a
region of filamentary material. The
neutral and ionized hydrogen shell is
outermost (Fig. 33).
Perhaps the most striking feature of
the maps is the existence of associated
neutral hydrogen outside the radiocontinuum shell. Several authors (e.g.,
Van der Laan, 1962; Shaver, 1969) have
suggested that the magnetic field responsible for the synchrotron radiation
from older remnants is the compressed
interstellar field. In this model, the synchrotron radiation comes from relativists electrons in the compressed shell of
interstellar material formed by the expanding supernova, and little or no
synchrotron radiation from the ejected
material is expected. Since the synchrotron emission is strongly dependent on

Combining the 21-cm data with avail-
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Mm the Cygnus Loop
TABLE 1. Shell Parameters for S147 and
MHi
Km
Mtot
Accreted Shell Mass

Rconl

Source*
SI IT
Cygnus Loop

V

D
1.0
0.77

27
10.0

40

25
120

~ 750 Extrapolated
ured
~
1500
Meas
400|
2400
630

*D distance to SNR in kpc.; Rront = radius of the radio continuum
neutral hydrogon shell in pc; V,.x]) = expansion velocity in km/sec; Mm
units of M ; M • = total mass of accreted shell, the NH /NH(, assumed
ent) = present kinetic energy in ergs; K. E. (onset) = kinetic energy
■ V* 200 km /sec).

^Estimated by Minkowski, 1964.

Phi

K. E.

0.3

(present)

K. E.
(onset)

9
50XX11004
1.Rm
o50
shell in pc; 9.
= ™radius
l.oofxithe
= mass of neutral hydrogen
1.5 X105in0
- 7; f>\\\-= H atoms/cm3;
K. E.
at onset of isothermal regime in
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Shock front

Fig. 33. A schematic picture of a SNR showing the boundaries of the radio continuum, filamentary,
and neutral hydrogen shells.

the magnetic field strength, the compressed shell should be brightest where
the compression and hence the field
strength is greatest. The observations
show, in contrast, that the neutralhydrogen shell and the radio-continuum
shell are separate and distinct. This suggests that the magnetic field lines about
which the relativistic electrons gyrate
are not simply compressed interstellar
magnetic field lines but are amplified by
turbulence in the ejected material
(Erkes, 1968) or by a Rayleigh-Taylor
instability-fed quasi-convection process
(Gull, 1973).
In HB 21 and S147, as in other supernova remnants, the optical filaments associated with the remnant appear to lie
just outside the radio-continuum shell.
Present observations show the accreted
neutral hydrogen to extend considerably
beyond both the continuum and filamentary emission regions. Since the
H I shell is presumably bounded on its
outer edge by a shock front, one would

expect that shock-induced filaments
(e.g., Poveda, 1964) would form at the
outer edge of the H I shell. Occurrence
of the filaments well inside this region
suggests that another explanation for
the filaments is required and may support the suggestion of Kulsrud (Kulsrud
et a/., 1965) that the filaments are
formed by a Rayleigh-Taylor instability
in the compressed magnetic field at the
interface between the ejected supernova
material and the accreted interstellar
matter.
Only recently, theoretical models for
the formation of neutral hydrogen shells
have been proposed by Cox (1972), Chevalier (1974), Straka (1974), and Mansfield and Salpeter (1974). In most calculations the expansion velocities for the
remnant have not been extended to low
velocities < 100 km/sec. Although there
is general agreement with the observations of Assousa, Balick, and Erkes, the
predicted shells are not sufficiently
massive to account for their results.
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nearest and more recent supernova remnants, offers a good opportunity for
investigation of possible acceleration
processes involving neutral gas. For this
reason, as well as interest in supernova
remnant processes themselves, Erkes
and Turner have made many hundred
21-em observations throughout this extensive region since 1970.
The observations are not yet completely analyzed, but an optical observation of high-velocity Ca II and Na II in
absorption at two points in this region
(Wallerstein and Silk, 1971) prompted a
very careful look at the radio observations in these places. Figure 34 shows
the results. No gas with radial velocity
more negative than -41 km/sec brighter
than 0.2°K is seen in the direction of
HD 3527, while in the direction of HD
3462 some gas is evident out to -100 km/
sec, in agreement with the optical. observations. Further observations to explore the extent of this gas are planned.
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The Supernova Remnant

Vela-X

With the recognition that the highvelocity clouds represented a broad class
of phenomena with important implications for our understanding of energetic
processes in our galaxy, the necessity of
clarifying their relation, or lack of it, to
explosive events was clear. The large
supernova remnant Vela-X, one of the
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by Spinrad^ al. (1972).
Searle (1971) has suggested that it is
Since the discovery of quasi-stellar an abundance change that causes the
sources great emphasis has been put on gradient observed in the gas across the
the study of the semi-stellar nuclei of disks of M 51, M 101, M 33, and \r;r
both normal and active galaxies. In addi- 2403. Rubin et al (1971) found that a
tion, much emphasis has been placed on somewhat similar gradient existed in
the discovery of galaxies with unusual
M 31, although anomalous regions with
properties. Normal galaxies like M 51, properties similar to those of the nuclei
M 81, and NGC 5195 show low gas and of M 31 and M 51 were found near the
stellar turbulent velocities, as well as a nucleus of M 31. However, if a galactic
low energy output in the forbidden nucleus is a separate physical entity
emission lines, the hydrogen recombina- within a galaxy, it may be difficult to
tion lines, and through synchrotron make analogies with the chemical hisemission. Active galaxies like M 82,
tory of the disk.
NGC 1068, and some Markarian galaxies
Warner has directed his research
show evidence of nuclear activity, such toward understanding these problems
as an ultraviolet excess, high gas turbu- of galactic nuclei by studying objects,
lent velocities, strong optical emission such as planetary nebulae, that may
lines, and increased (and sometimes
have physical properties in common
variable) radio emission. A basic un- with galactic nuclei. Another direction
solved question in modern astronomy is has been his study of galaxies in the
the relationship between normal galax- infrared spectral region. Further inies, active galaxies, and the quasi-stellar
vestigations ofthe stellar content of
sources which appear to show the great- nearby galaxies like NGC 5195 are also
est activity.
desirable.
In 1962 the Burbidges studied the
Planetary Nebulae
excited gas in many types of normal
galaxies. They concluded that the in4406 and NGC 7293, the "Helix,"
tensity of the nitrogen ([N II] A 6584) areIC being
studied by Warner using
line, relative to hydrogen (Ha 6563), narrow-band filter photography with
[N II]/H«, was greater than unity in a
the Carnegie image-tube direct camera
significant number of galaxies and that and the 40-inch reflector at Las Campain these galaxies the ratio decreased
nas, Chile. In addition, several spectra
with radius from the nucleus. Subse- of NGC 7293 taken by Rubin at Cerro
quent work (see Warner, 1973) sug- Tololo Inter-American Observatory in
gested various mechanisms for the ob- Chile and at Kitt Peak National Observed change in this line ratio with
servatory are being used to interpret
radius, including a change in (1) the the photographs and to deduce physical
conditions of excitation, (2) the ionizain the "Helix."
tion equilibrium, (3) the nitrogen-to- conditions
Figure 35 presents photographs of
hydrogen abundance, (4) the amount of IC 4406 in the light of [O III], [O I], Ha,
metals locked up in grains, (5) the influ- (N II], and IS II]. The surface brightness
ence of partial ionization regions, and distribution can be compared to the
(6) the amount of extinction internal to
cylindrical model of Zanstra and Branthe nucleus.
denburg (1951). In the light of [O III]
their
model,
which produces intensity
Studies of the stellar content of galactic nuclei lend some support to the con- isophotes consisting roughly of a series
clusion that an overabundance of metals of oval shells, appears to conform somewhat to the observations. In the light of
occurs in galactic nuclei. A decrease in
lower
ionization ions, the model is not
the CN strength with increasing/? in the
disks of several galaxies has been found adequate
to explain the north-south
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bifurcation and the concentration toward the central regions. Recent work
has shown that singly ionized and neutral atomic species tend to exist in shells
and in condensations where higher electron densities and cooler electron temperatures prevail (Capriotti et al, 1971;
Boeshaar, 1974). In IC 4406 the surface
brightnesses in the light of 10 I] and
IS II] suggest a model consisting of an
ellipsoid whose long axis is in the
plane of the sky and in the east-west
direction. An outer shell would then
consist mostly of low-ionization species
such as 10 I], IN II], and IS II] with a concentration of these ions toward the
equatorial belt. An inner zone would
consist of higher ionization species such
as [0 III]. The bifurcation could then
presumably be explained by the longer
path length for emission through the
0°-S + -N+ region at the north and south
edges of the nebula which are seen in
projection. Detailed quantitative calculations as well as measured line
strengths at several positions in the
nebula would be needed to confirm this
model.
Figure 36 presents photographs of
NGC 7293 in the light of fO III], Ha,
[N II], and [0 I]; the filamentary structure shows up best in the light of neutral
oxygen. Careful comparison of the [0 I]
and [0 III] photographs shows ray-like
structure which is complementary in
position. In addition, the [0 I] zone
seems to be the outer boundary for
many of the 10 III] features. Filamentary features in the light of [N II] and H a
are generally less distinct than in 10 I]
and presumably occupy a larger volume.
Hydrogen is present in the central
regions of the nebula, at least in
projection.
The above-observed facts can be in-
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for the classic Rayleigh-Taylor instability are met: a pseudo-gravitational
field with a vector in the direction of the
exciting star, a high density medium
"above," and lower density medium "below" (toward the star). Dynamical instabilities at this boundary are amplified and break off into elongated highdensity globules within the H II region.
Aggregates of these globules form the
filamentary structure seen in NGC 7293.
Since ions of neutral species should concentrate atthe edges of and behind these
globules, their structure should be most
discernible in the light of these ions, as
is seen to be the case in this nebula. Apparently, large-scale clumping of these
filaments prevents ionizing radiation
from passing through them in some
regions but not others. Thus, rays of
[0 III] are produced where the optical
depth is small and rays of [0 I] where it
is large.

Differences in the photographs of
the nebula in the light of [0 I] and [N II]
can be interpreted as arguing against a
helical structure for the "Helix." In the
light of [N II] it appears that several
strands of the proposed helix cross in
the north and southwest directions. In
the light of 10 I] it appears that a better
interpretation of the structure is that of
two broken shells. Longer exposures of
this nebula by Araya et al. (1972) show
that there is extended emission in almost every direction, but particularly
in the direction of the proposed broken
section on the western edge. Thus, the
nebula seems bounded everywhere by
emission, a fact that argues for a shell
model. Slow breakup of an originally
more compact shell as the nebula expands could have produced the observed
ionic distribution. If the material in the
nebula were concentrated mostly in a
terpreted inlight of Capriotti's theory of plane, as has been proposed for several
the dynamic evolution of planetary planetaries, including IC 4406, then the
nebulae and the formation of condensa- emission would appear in projection to
tions. In this theory, as the ionization occupy the outer regions since the path
front due to radiation from the central length for emission through the outer
star expands, a shock front is set up. At edges of the nebula (i.e., in the shell)
the boundary of this front the conditions would be larger than through the center.
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7293

60min

Fig. 36. Interference filter photographs of NGC
Campanas. North is to the top; east is to the left.

INSTITUTION

[Nil] 100 mm

7293 taken

with

the 40-inch telescope at Las

DEPARTMENT

OF

TERRESTRIAL

917

MAGNETISM

The situation thus seems quite similar
to the case of IC 4406 except that the
line-of-sight is now approximately along
the major axis of the ellipsoid, and the
minor axes are in the plane of the sky.
Spectra taken in several positions
within NGC 7293 show the effects of the
slit crossing filamentary structure,
namely, the enhancement of low-ionization nebular transitions such as those
of [N II], [0 I], and [S II]. From the measured line strengths the variation in
physical conditions and electron temperature isobtained. If the high temperatures derived (T > 25,000°K) are
correct, then collisional excitation of
hydrogen cannot be ignored. This could
explain the high observed Ha/H(3 ratios.
If the temperatures are actually closer
to 10,000°K, then the high Ha/H^ ratios
indicate the presence of a large and
varying amount of extinction. If the
extinction is within the nebula, its maximum coincides with the inner filamentary shell.

have included photographs of regions in
and around the Orion Trapezium, M 17,
M 8, NGC 2244, and the star p Ophiucus
in band passes at 9200 A and 10,000 a.
Photographs of NGC 2244 south of S
Monocerotus show numerous double
stars in the star-forming region around
the elephant trunk feature. A photograph of the Orion Trapezium region in
the light of He I 10830 A shows distinct
rather than diffuse structure, suggesting Doppler-shifting of energy from the
core to the wings of this line as the
mechanism of escape from the nebula
rather
1970). than spatial diffusion (Vaughan,

A photograph of M 51 and NGC 5195
with the S-l tube and a UG-8 filter
producing a broad band from 9500 A to
11,000 A shows the brightest red stars in
M 51 occupy approximately the same
region as the blue stars and H II regions,
although much less structure is evident.
This photograph also confirms the
classification of NGC 5195 as a barred
spiral as previously suggested. The dust
References
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evident but much less pronounced at the
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Rubin, V. C, W. K. Ford, and C. K. Kumar, Ap. J., previously thought (Warner, 1973), the
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Infrared Observations of H II
Regions and Galaxies

Infrared Photometry

Warner is using two RCA S-l infrared image tube devices (a direct camera
and a camera on the DTM spectrograph) to investigate structure in H II
regions and planetary nebulae, to search
for very red stars in dark nebulae, galactic clusters, and other star-forming
regions, and to attempt to get strengths
for theJS III] 9069 A and 9532 A and He I
10830 A lines in galactic nuclei. Results

In collaboration with R. F. Wing of
Ohio State University, Warner is identifying and studying a large number of
unidentified sources from the Cal Tech
2.2 Micron Catalogue. These stars are of
interest since most of the unidentified
ones are the reddest, and many have
been shown to have unusual properties
(Dyck et a/., 1974). To date, about 50
such objects have been identified and
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classified. One has boon shown to be the
nearest globular cluster to the center of
our Galaxy (Wing et <//.. 1973). Two
others. -30320 and -30322, are heavily
reddened supergiants very near the
center o( our galaxy. Still another,
-30350, has the properties of VX Sgr, an
OH and H.,0 emitter with an infrared
excess.
Referena s
Dyck, H.
A p. J..
Wing, R.
J.. 179.

M.. G. W. Lockwood, and R. W. Kapps,
189, 89,1974.
F.. J. W. Warner, and M. G. Smith, Ap.
135.1973.

Activities at the Instituto
Argentino de Radioastronomia
E. Armil. F. R. Colomb, R. Dugatkin, E. Filloy,
S. L. Garzoli, M. Gil. D. Goniadzki, M. B. Gordon,
I. Mirabel. R. Morras. W. Poppel, R. J. Quiroga,
and K. C. Turner

Instrumentation
During 1973 the 21-cm receiver had
several modifications and additions. A
set of 30 wide-band filters was added,
with bandwidths of 100 kHz and separation 25 km/sec at 21-cm wavelength, to
be used with our 128-channel digital
integrator.
In order to eliminate the gaps in the
narrow-band channels (they are 10 kHz
wide and have roughly 19-kHz separation), adouble converter wras designed
and installed. This interleaves the second half of the bank with the first half,
resulting in a final separation of approximately 9.5 kHz (2 km/sec) between
channels. Particular care has been taken
in the thermal protection of the feed
box. The temperature regulator system
was modified to allow regulation during
the summer. Owing to the presence of a
strong radar station at 1360 MHz the
local oscillator frequency was changed
from 1390 MHz tol450 MHz and also a
radar interference killer wras designed
and built. 10°K and 50°K calibrations
are now available in the front end.
The surface of antenna no. 1 was
painted to avoid strong reflection of sun-
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light from the solid portion of the surface. Such reflection overheated the feed
supports and the receiver box when the
antenna was used to observe close to the
sun.
Antenna no. 2 was finally erected in
August, using three cranes nowr available in the country. Counterweights
were completed and final adjustment of
the hour-angle and declination gears
was made. In the electronics shop the
main electric control panel was finished,
as well as the main and spare control
boards to be installed in the console. The
new receiver building is being completed, and the electric installation,
cable ducts, cable terminal boxes, and
power
lines are now installed in the new
building.
21 -cm Work
F. R. Colomb, M. Gil, and R. Morras
have finished observations in a region
around the south celestial pole.
F. R. Colomb and D. Goniadzki have
finished the observations and reduction
of four supernova remnants, G261.9 45.5, G296.3 + 10, G327.6 +14.5, and
G330 + 15.
W. Poppel and E. R. Vieira of the
Instituto de Fisica of the Universidade
Federal do Rio Grande do Sul, Brazil,
are computing the contour maps of their
very large survey of the region 240° <
/ < 12°, +3° < b < +17°. The sector
0° < / < 12° is ready for publication.
I. F. Mirabel and W. Poppel, with the
collaboration of E. R. Vieira, are completing the study of an anomalous
velocity object discovered by Cugnon
near/ =349°, b =+3°.
M. B. Gordon is searching for an intergalactic bridge of neutral hydrogen between our Galaxy and the Small Magellanic Cloud. Observations have been
made of 150 profiles in the region 275°
— I < 310° at negative latitudes. S. L.
Garzoli and M. B. Gordon are studying
six dark clouds of Lynds' Catalogue of
Dark Nebulae in the 21-cm hydrogen
line radiation.
R. J. Quiroga is continuing his study
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average RMS deformation was only
0.044 inch. This implies that even if no
improvement were made in the RMS
deformation, the effective aperture
could be raised to 0.26 by eliminating
the systematic error. As some portions
of the antenna were inaccessible to adjustment, a new paraboloid was calcusec-1.
lated that minimized the error to those
E. Arnal is observing a region around
R cor Aust., 279 < a < 295; -41 < b fixed points and then more than 800
-33°, and several galactic clusters at support points were adjusted. This
b > 10°; NGC 2204 and An (Blanco) improved the effective aperture to aphave also been observed.
proximately 0.30. A second measurement of the surface indicated that the
F. R. Colomb, W. Poppel, and C.
Heiles of the University of California, RMS surface roughness was reduced to
Berkeley, have begun a low-velocity sky only 0.025 inch (which would yield a
survey (8 < -25°). Photographic tech- calculated efficiency of 0.49). Unfortuniques will be used to display the results.
nately, a systematic error still gives a
Five students in the final year of weighted RMS error of 0.038 inch from
physics at the Universidad Nacional de a true paraboloid and a calculated effiBuenos Aires are enrolled in programs
ciency of 0.33. The close agreement between the calculated efficiency and the
at the Instituto under the supervision
of F. R. Colomb, S. Garzoli, and W. value derived from astronomical observations makes it appear that an addiPoppel. This year's students are S.
tional
readjustment to eliminate the
Blacher, D. Capporalette, B. Dubner,
systematic effect would be very fruitful.
M. Franco, and H. Sivak.
The half-power beam width of the
K. Turner, on leave from the Department of Terrestrial Magnetism for the antenna is only about 3.5 arc minutes at
past few years while serving as director
15 mm, requiring very accurate posiof the IAR, returned to the DTM in July.
tioning of the antenna. The present
read-out system is not accurate enough,
but preliminary observations have
astronomical instrumentation
shown that some unusual changes in
The Surface of the Derwood Dish indicated position occur when the antenna is pointing to the north. Optical
The most noteworthy improvement to
deformation
measurements are in progour radio astronomy observatory this
ress to determine what steps will be
year was the readjustment of the surnecessary to improve the pointing at
face of our 60-foot antenna during the these short wavelengths.
summer of 1973 by Ecklund, Little,
Thonnard, and Turner. This has made
Image Tubes
it one of the largest antennas with good
An improved version of a cascaded
efficiency down to wavelengths as short
as 12 millimeters.
image intensifier for astronomical obMeasurements of the antenna surface
servations has been developed at RCA
taken earlier ( Year Book 72, 1973) indi- for the Carnegie Institution with the aid
cated a very large systematic deviation of a grant from the National Science
from a true paraboloid. Observations of Foundation. Last year, prototype
known sources of millimeter radiation samples of this tube were evaluated in
indicated an effective aperture of only tests at Lowell Observatory. This year
0.12 at 15 mm. In spite of the very large Ford, while temporarily at Kitt Peak
systematic deformation of the antenna, National Observatory as a Resident
it was encouraging that the weighted Visiting Scientist, has been responsible
of corrugation of the galactic layer,
using spatial distribution of early type
stars.
I. F. Mirabel is searching for very
high velocity clouds in the 21-cm H line
in the central region of the Galaxy, -5°
< / < +5° and -800 < V < +800 km/
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for the installation o( those improved
tubes in systems for the KPXO 84-ineh
telescope Cassegrain spectrograph and
for the new 4-m Cassegrain spectrograph at the 4-m telescope Ritchey
Chretien focus, as well as for direct
photography with the KPXO 1-m and
2.1-m telescopes.
The new tube. RCA type C33063, has
a ceramic, rather than a glass, envelope,
and operates at an overall voltage of up
to 30 kv. Because of this higher operating voltage, the radiant power gain of
the tube is higher. Particular care has
been taken to ensure the inclusion of
uniform phosphor screens in the tubes.
It has been found that for most astronomical applications the best results are
obtained by using a fine grain, highcontrast photographic emulsion, Kodak
IllaJ. and a slightly stopped down transfer lens. With an f/1 transfer lens,
quantum noise due to discrete photoelectron events is quite evident on IllaJ
plates. These characteristics are substantial improvements over those of the
original Carnegie image-tube system.
history of astronomy
The History of Crab Nebula
Observations
In collaboration with R. J. Rubin of
the National Bureau of Standards, V. C.
Rubin has made an excursion into the
history of astronomy to answer a quesposed by known
Dr. N. observation
U. May all: "What
is thetionearliest
of the
Crab Nebula, as a nebula?" The Crab
Nebula is the remnant of the supernova
explosion which took place within our
Galaxy in 1054. The nebula now observed at the location of the supernova
was not identified as the remnant of the
explosion until 1942, by Mayall and Oort
1 1942) and Duyvendak (1942).
Present-day astronomers generally
attribute to Bevis, in 1731, the first observation ofthe nebula. Bevis' original
report of his observation has not been
located, and is known only by the reference in the Messier Catalogue. Rubin
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and Rubin located two original references to observations and drawings of
the Crab Nebula which have been cited
by contemporary scholars as predating
Bevis' 1731 observation. The first, listed
in Needham {Science and Civilization in
China, Vol. Ill, 1959), describes a 1627
text in which is located a drawing of the
Crab Nebula (Adam Schall von Bell,
77/o Far-Seeing Optic Glass, 1627). The
second reference is to Thomas James, a
British sea captain, who in 1632 is reported tohave observed the Crab Nebula
(Jaki, The Milky Way, 1972).
A detailed examination of both original sources in the rare book room and
the Oriental section of the Library of
Congress indicates that neither reference refers to the Crab Nebula. Instead,
both original authors were describing
Praesepe, one of the few nebulae (actually a star cluster) known to the
ancients. Because Praesepe occurs in
the constellation of Cancer, the crab,
both Needham and Jaki incorrectly
interpreted the observations as referring to the Crab Nebula. Hence the
earliest known reference to the Crab
Nebula remains that of Bevis in 1731.
Refe rences

Duyvendak, J. J. L., Publ. A. S. P., 54, 91, 1942.
Jaki, S. L., The Milky Way, Neal Watson Academic
Publ., 1972.
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Experimental Study of (p,n)
Reactions
Brown and Rohrer, in collaboration
with theorists Arnold and Seyler of Ohio
State, have continued the program of
observing three (p,n) reactions induced
with polarized protons from the Basel
ion source and accelerated with the
Institution's Van de Graaff machine.
The experimental part of this program
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is complete and analysis is well under
way. As has happened before in studies
of polarization phenomena, the results
are surprising as well as fundamental.
One result is a new theorem relating the
polarization and analyzing power for
(p,n) transitions between members of
an isospin multiplet. Another is a piece
of clear evidence for the presence of a
tensor component in the nuclear forces,
acting in one of the excited states of the
4He nucleus.
The two simplest polarization experiments one can perform on a (p,n) reaction are measurements of (1) the polarization of the outgoing neutrons for
unpolarized incident protons, and (2)
the analyzing power of the reaction, that
is, the asymmetry produced in the
angular distribution of the neutrons for
polarized protons. The present experimental knowledge of these reactions
consists of three quantities: the reaction
cross section o , the polarization P, and
the analyzing power A; each of these can
be expressed as a series of Legendre
functions if the data are sufficiently
numerous.
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where bif aif and a' are energy dependent coefficients, P; (0) and Pl (0) are
Legendre functions and a T0T is the total
reaction cross section. All experiments
for the two reactions considered here
show that the coefficients with i > 2 are
zero. The b- are from cross-section
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measurements made at other laboratories during the 1940s and 1950s; the d
are from the measurements of A(E,0)
made at DTM with polarized protons.
Figures 37 and 38 show the data for the
7Li(p,n)7Be and 3H(p,n)3He reactions
fitted with Legendre functions.
The 7Li(p,n)7Be reaction, measured
first, was the motivation for initiating
the entire (p,n) series, as it was hoped
that it would tell something about the
structure of HBe. The initial results were
disappointing in this regard, but there
were compensations. There have been
many experiments undertaken during
the past twenty years to measure the
neutron polarization, and the most
accurate of them are shown in Fig. 39
together with the DTM measurements
of analyzing power where comparison is
possible.
The similarities between P and A for
each of the reactions studied are immediately apparent and suggest a simple
explanation. These similarities also
struck H. E. Conzett of the University
of California at Berkeley, who subsequently showed that P=A for transitions between members of an isospin
doublet, e.g., 7Li-7Be or 3H-3He, if the
wave function describing the proton
plus target nucleus is the same as that
of the neutron plus residual nucleus.
The effect of the Coulomb force ensures
that this will be only approximately
true, so P « A. Conzett prophetically
pointed out the possible advantage of
investigating the differences of P and A.
These differences yield information
about the orbital angular momentum
and channel-spin amplitudes of the
states in the compound nucleus, an example of which we shall discuss next.
When applied to the many isobaric
analog states which are, unfortunately,
beyond erator
thebut within
capabilities
accelthose of
of DTM's
the tandems,
except for the heaviest of target nuclei,
this may prove to be a useful and general
technique. Conzett's theorem also places
constraints on the possible values of P
if A is known, thereby enlarging in cer-
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Fig. 39. Comparison of the proton analyzing power with the neutron polarization for 7Li(p,n)7Be. The
analyzing power is shown as a solid curve, calculated from the best polynomial fit, and the neutron
polarization is shown as individual datum points. The results of four other polarized neutron experiments are not shown; those plotted were selected for the best display and give the extremes.
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are horizontal lines showing the thresholds of various reactions that can lead to 4He as a compound
nucleus.

tain cases the amount of data available
for analysis.
Rotation, reflection, and time-reversal invariance limit the nucleon-nucleon
force to four different components. The
central force is the simplest, both in
concept and in application; two other
components are made up of terms proportional tothe scalar products of total
spin and orbital angular momentum
and the spins of the two nucleons; the
fourth is proportional to a tensor formed
of the spins of the two nucleons and the
radius vector describing their separation. The spin-orbit force is theoretically
the most enigmatic because single parti-

cle meson exchange models of nuclearforces fail to explain it. It is strong and
gives rise to the strong polarization effect in almost any nuclear interaction;
the success of the shell model dates from
its addition to the central term in the
nuclear potential. The tensor force was
recognized a decade earlier than the
spin-orbit force but is rarely observed.
Its existence was required to explain the
electric quadrupole moment of the deuteron, which results from the ground
state being composed of an admixture of
about 937r s waves and T7r d waves. The
tensor force also shows up in nucleonnucleon scattering but is difficult to
isolate in systems with more than two
nucleons. This seems strange when one
realizes that its strength, as measured
through its potential function, is comparable to the central or spin-orbit
force. It is not a paradox, however, only
the vagary of the wave function for
multinuclear systems.
It came as a surprise, but in no sense
an unwelcome one, that our investigation of the :JH(p,n)3He reaction with
polarized protons disclosed effects that
are strongly suggestive of a tensor force
and which may provide more quantitative information about such a force. The
compound nucleus of this reaction is
4He, an isotope having both proton and
neutron s-shells filled in the ground
state. Excited states were discussed
theoretically very early, and reported —
erroneously — on occasion; clear evidence for the excited states near 22 MeV
did not appear until 1962. Present
knowledge of the structure is summarized in Fig. 40. This structure could be
explained in part as the result of a
central plus a spin-orbit force, acting on
a single nucleon, but agreement was less
satisfactory than expected, or at least
than hoped.
The measurements reported here of
the effects of polarization in 3H(p,n)3He
indicate that the 2~ state has an appreciable f-wave amplitude in addition to the
p waves. The shell model had predicted
a 2" state composed entirely of p waves.
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Pig. 41. Coefficients of the Legendre functions of 3H(p,n)3He plotted against proton lab energy. The
points are the values that best fit the data shown in Figure 38. The top panel shows bj, from earlier measurements ofcross section, the middle panel shows therx -of this experiment, and the bottom panel, thea,of the neutron polarization from Smith and Thornton. The full curve drawn through a,,- is the same for
both panels; a 2 of the lower panel is shown in the center panel as a dashed curve. The difference between
the
MeV.two curves for n'2 and a2 is the result of transitions between 3P2 and 3F spin states in the 2~ level at
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The explanation for the presence of the
mature. For example, the result that
f waves is that they arise from some P = A near the peak at 22 MeV (see
force that mixes states of the same total
Fig. 39) means that the 3"* state of nBe
angular momentum and parity but dif- responsible for this peak has a very
ferent orbital angular momentum,
simple structure that is dominated by
which is accomplished by the tensor the r,P 3 amplitude.
There are considerable data on
force in the nucleon-nucleon case. In the
;iH(p,n):5He reaction the matter is some- 9Be(p,n)!,B attained in a very long exwhat more complicated, owing to the
periment, the result of the small reacpresence of two additional nucleons.
tion cross section. The small cross secThe evidence on which one can assert
tion also resulted in neutron polarization
data
that could scarcely be used in the
the presence of f waves is straightforward, requires few assumptions, and is manner just illustrated in the two prethe first
theotheobut Conzett's
ceding
experiments;
rem.application
Measurements ofofConzett's
the neutron
rem will
virtually
double
the amount of
polarization from :}H(p,n):{He have been
carried out in several laboratories over a
period of twenty years, but their accuracy and extent were inadequate and
suitable measurements would have been
beyond the equipment at DTM. Just
before this experiment was undertaken,
however, Smith and Thornton at the
University of Virginia determined P to
the degree necessary for determining
the coefficients in a careful and elaborate experiment, whose results are
plotted in Fig. 41 together with our coefficients forA.
At first the experimental coefficients
were expressed in terms of matrix elements for s, p, and d waves, which generally suffice for incident protons of
energy below 3 MeV. The result was
that, regardless of what values one assigned the elements, P=A unless one
invoked some far-fetched possibilities.
This was the state in which an earlier
theoretical study had left the matter.
The extension of the description to include fwaves (/ = 3) clarified the matter. It allowed the data to be fitted with
matrix elements having only s and p
waves for the incident protons but allowed transitions from a 3P2 entrance
channel to a 3F2 exit channel. Such
transitions can easily account for the
difference between P and A.
Our initial disappointment in the lack
of new structure information on 8Be
from the 7Li(p,n)7Be reaction was, in
light of our present knowledge, pre-

our data and perhaps simplify the determination ofthe grosser characteristics.
It is hoped to learn something about the
anomalous structure near proton energy
2.56 MeV. This work should be completed intime for the next annual report.
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A Brief Return to Past
Experiments
Simple ideas in nuclear theory are
often encumbered with enormously
complicated calculations. Even with
modern computers the theoretical interpretation of experiments sometimes
lags by years. Some of the measurements with the polarized beam have
led quickly to theoretical understanding,
as the preceding report illustrates.
Others have had to wait, and the arrival
of
an understanding is welcome, even if
tardy.
The first experiment made with polarized protons at DTM was 4He(p,p)4He
(see Year Book 65, p. 72). The choice was
obvious at the time because earlier
double-scattering measurements at
other laboratories had shown the analyzing power to be large and because the
interaction is, aside from proton-proton
scattering, perhaps the most fundamental. These data were reduced to

92S

phase shifts, and the pat torn was sot
for future work here with the polarized
beam.
During the intervening years these
results, which show the most important
features o( the structure, and results of
higher energies have boon subjected to
various theoretical studios that have
had the goal o( describing the interaction in the simplest way. The mirror
reaction 'Hetn.m'He is widely used as
an analyzer for polarized neutrons, but
measurements of its analyzing power
are much loss accurate and extensive
than for 4He(p,p)4He, so instruments for
neutrons suffer accordingly. Both reactions should be the same except for the
presence of the Coulomb force in one
and not the other. A theoretical description that allows accurate predictions for
neutron scattering from the proton data
has been sought, as it would aid considerably in-a wide range of neutron
studies.
The application of a simple potential
function produced remarkably good
results in the first studies (Morgan and
Walter. 1968; Satchler et ai, 1968), but
as measurements for higher energies
became available, semi-empirical potential functions proved troublesome,
leading to the use of the effective range
parameterization (Arndt and Roper,
L970; Schwandt et ai, 1971; Arndt et ai.,
1971; Arndt et r//., 1973). In this way the
analysis of nucleon-alpha scattering has
paralleled the analysis of nucleonnucleon scattering. An additional approach has been through the use of
R-matrix theory (Stammbach and
Walter, 1972), wherein the matrix elements of the interaction are calculated
from level parameters adjusted to give
the best fit to the data. Both approaches
now allow accurate prediction of phase
shifts and consequently of cross section
and polarization for nucleon energies up
to 20 MeV.
An approach that gives results in good
agreement with the semi-empirical
methods just mentioned is a calculation
using a one-channel resonating-group
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(Reichstein and Tang, 1970) with spinorbit force. This method is more fundamental because it attempts to describe
the scattering in terms of what is known
about the forces involved; it also reproduces the phase shifts with only two
phenomenological parameters.
Ever since the measurement of
4He(p,p)4He analyzing power there has
been speculation that the analyzing
power attains a value of exact unity
somewhere near proton energy 2 MeV
and laboratory scattering angle 75°, as
is strongly suggested by the polarization
contour map (see Year Book 65, p. 76).
This was proved on theoretical grounds
(Plattner and Bacher, 1971), making it
an even better method of accurate, absolute calibration of beams as well as a
pretty example of theory and experiment.
Another past experiment has led to a
clearer understanding of the structure
of a pair of 7/2", 1/2 levels in the mirror
nuclei 7Li and 7Be, located at 6.56 MeV
in the former and 6.51 MeV in the latter.
The level in 7Be was the dominant structure in a DTM experiment that yielded
phase shifts for 6Li(p,p)6Li (see Year
Book 68, p. 370). At about the same time,
the corresponding level in 7Li was investigated by Spiger and Tombrello
(1967) with the tandem accelerator at
Cal Tech. Both sets of data have now
been satisfied by Teufel and Wildermuth at the University of Tubingen
(Teufel, 1973), using a cluster model,
which sees 7Li made up of an alpha
particle and a triton and sees 7Be as an
alpha particle and a helium-3. They find
that the same nuclear potential satisfactorily describes both states.
At one time a moderate amount of
effort was expended on designing a
difficult experiment to measure the
change in the polarization of polarized
protons scattered from deuterons. The
experiment was not carried out because
the phase shift analysis calculated from
equations given by Seyler showed that
nothing could be learned (see Year Book
66, p. 64; Year Book 67, p. 297), but the
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analysis was applied to 6Li(p,p)6Li,
which has the same spin system, and
2H(p,p)2H was left for other work.
Walter Trachelin's computer code for
these calculations has, in comparison
with three others, always proved to be
correct and has recently been used to
interpret extensive measurements with
polarized protons and deuterons at
tandem energies at the Eidgenossiche
Technische Hochschule in Zurich
(Schmelzbach et a/., 1972). Phases for
this fundamental interaction were obtained, with strong evidence for the
mixing of channel spin and orbital
momentum.
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was observed that the Cu lines appeared
on a continuum of x radiation, as is apparent from Fig. 9A of our earlier report
(Year Book 72, p. 188). At first this did
not seem remarkable, but further reflection brought forth no explanation to
account for this background. A study of
this continuum was thus in mind when
Brown, Assousa, and Thonnard again
took up this work, using the lithium
drifted silicon detector furnished by
Van Rinsvelt of the University of Florida, who joined the experiment. The
present experiment eventually evolved
into a study of (1) the spectra produced

in 30 elemental targets by K+ and Rb~
ions at 2.0 MeV and (2) the energy dependence ofradiation selected from the
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with its normal 45° to the beam direction. The lithium drifted silicon detector
The Production of X Rays in the
Collisions of Heavy Ions
observed the target at 90° to the beam
and was located in the vacuum with only
The first experiment in this new field its 0.025-mm Be window attenuating the
at DTM (Year Book 72, p. 186) deter- photon flux, although in some experiments additional attenuators were
mined the yields and energy shifts of
the K x rays of Cu when bombarded
interposed. Considerable effort was
with ions of alkali metals accelerated
spent in ensuring that the spectra were
not the result of instrumental effects,
with the Carnegie Van de Graaff machine. On evaluating the experiment it such as pulse of photon pile-up. A par-
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pendent on the atomic numbers and are
displayed for the K+ beam in Fig. 43. In
the spectral range to which we have restricted ourselves, K lines appear for the
range of atomic numbers 11< Z2< 23,
L lines for 30 <Z2< 53, and M lines for
55 < Z2< 90. Potassium's K shell has an
energy of 3.61 keV, so one can expect
electron promotion effects with the K
Selected spectra produced with K+ shells of targets in the first group, the
and Rb+ beams are displayed in Fig. 42.
These spectra differ from the one dis- L shells of the second, and the M shells
of the third.
played in last year's report through an
Electron promotion, manifested in
expanded photon energy scale over the
range of 1 to 5 keV. The existence of a strong yields, shows up for L and M
continuum is evident. Superimposed on lines of the target atoms, the K lines of
it are lines characteristic of the atoms the potassium beam being either not observable or very weak. For the K lines,
of the beams and the targets. The yields
of characteristic lines are strongly de- target atoms with Z < 19 (Z = 19 for

ticularly troublesome experimental
problem was the correct measurement
of the beam current. This measurement
is subject to sources of error unsuspected by most persons experienced in
measuring the currents of proton or
alpha-particle beams.
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Fig, 1 1. Yield of the K x rays of potassium resulting from bombarding seven targets with K ions of
various energies. The atomic number of the target is given for each curve near the right margin. The
n and closed circles denote data taken at different times.
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potassium) show strong emission with electrons ejected in the collision and
very weak emission from the atoms of nucleus-nucleus
bremsstrahlung,
but
the beam; target atoms with Z > 19 the evidence at the moment points to
show very weak emission, whereas emis- combined atom effects,
sion from the beam shows an approxi- At the time of this writing a considermately exponential dependence on Z2 in able amount of data is being reduced to
manageable size, and Brown and Kumar
the range Z2 = 21 to 30.
The energy loss per unit distance is so are attempting to interpret the various
great for these collisions that cross sec- phenomena. They are hopeful that next
tions for producing an inner shell va- year's Annual Report will have the excancy cannot be obtained from thin planation for the yields of the potassium
target experiments as they can in nu- beam in the range 19 < Z < 30.
clear physics. Cross sections can be obReference*
tained from thick target yields by

E; Asscmsa, and H A Van Rinsvelt,
Lv <*■
determ
„ . ,,ining*? the .slope -of. measu
-i
. remen
j_- ts
i Br°wn*
Carnegie
Inst. Wash. Year Book 72, p. 186, 19/3.
of yield as functions of incident particle Meyerhof, W. E., T. K. Saylor, S. M. Lazarus, A.
energy, if one knows the fluorescence Little, B. B. Triplett, L. F. Chase, Jr., and R.
1219, 19U.
by Anho\t,Phys. Rev. Lett,de 32,
yield* (the ratio of de-excitation
and
Weg28, Eta,
van L/ett.,
F- w;>t, JrW.tins.P. Rev.
,i
i emission
,
•
,to other processes)/» and
ii Sa^islv. L/auber
717, ±9iZ.
photon
the electronic stopping power of the
beam in the target, quantities that are
EDUCATIONAL ACTIVITIES
not accurately known. Figure 44 shows
the energy dependence of the yields of Jean W. Goad has completed the repotassium K Hnes in various targets. quirements for a Ph.D. degree in astronThe continuum shows a much weaker omy at Harvard University and will
dependence on either the atomic num- assume a research position at Kitt Peak
bers of the colliding particles or their National Observatory in the fall, 1974.
energies. At the time of this writing its Her thesis, on the kinematics of the M 81
origin appears to be transitions in the galaxy, was partly under the direction
combined atom with atomic number of Vera C. Rubin.
Z,+Z2, which exists for a time long David Westpfahl, an undergraduate
enough to have its own transition. If physics major from Dartmouth College,
such a transition were to take place worked with Rubin for five months,
when the two nuclei were nearly to- They completed the identification of
gether, the photon would be character- faint blue stars in the anticenter region
istic of the element Zx + Z2, generally, of our Galaxy, a project on which Rubin
the transition would take place with and Tuve have been working,
some degree of separation, each dis- Peter Fiekowsky,
a physics undertance with its own photon energy, graduate at MIT, returned to DTM for
thereby giving rise to a continuous dis- a second summer of work. He joined
tribution. This phenomenon has been Thonnard and Rubin in the 21-cm obobserved for photon energies of about servationsof the Sc I galaxies.
1 keV in carbon-carbon collisions by Rita Southall, a graduate student in
Saris et al.\ and at the recent Washing- astronomy at Howard University, has
ton meeting of the Physical Society, been using DTM facilities for reducing
Meyerhof presented spectra taken at plates of comets Tago-Sato-Kosaka and
tandem
energies that are strikingly Bennett. The plates referred to are
similar to those shown in Fig. 42, and photographs taken with narrow-band
which he interprets as having this ori- filters (AX ~' 30a) chosen to isolate
gin.
other possible
explanaemissions
by CN,TheC2,reduction
C3, CO*, Xa,
and
tions There
for thearecontinuum
that must
still the
continuum.
is made
be considered, bremsstrahlung of fast by obtaining isophotic contours of the
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oo mots. The resulting data will be
analyzed to obtain the production and
decay rates o( the above-mentioned
molecules in comets. This work is

niques at a radio telescope. This year,
Dr. W. C. Erickson of the University of
Maryland Astronomy Department
decided that, rather than having the

Southall's thesis for the M.S. degree and
is being carried out under the direction
of Dr. C. K. Kumar.
Godwin Igiri, a graduate student in
physics at Howard University, has been
working with Louis Brown in experimental nuclear physics. His principal
activity has been the study of sources of
error in the polarization measurements
of the sH(p,n)3He reaction. In previous
work only the errors from counting
statistics have been given. A knowledge
of the relative importance of all sources
of uncertainty will allow the experimenter to make a reasonable match
between the statistical and other sources
of error. It is expected that this work
will lead to the M.S. degree for Igiri.
As in previous years, we have been
hosts to students from the University
of Maryland and other schools to familiarize them with- observational
tech-

students engage in an "exercise" project
for their observational astronomy
course, it would be desirable for them to
take part in a research project. Eight
students, six of whom were enrolled in
astronomy, took turns making daily
observations of water-vapor emission
from W-49 for a six-week period. The
students participating were J. Radone,
W. Pamphey, M. Moore, L. Dreiling, R.
Lilly.
Sandifer, S. Lang, J. Darajer, and R.
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Introduction
L. T. Aldrich

In past .-.cars this Introduction has
emphasized various facets of the Carnegie opportunity in geophysics. Our freedom to function on an international
scale; the encouragement we receive to
interact with our own colleagues, be they
u<-(>-. astro-, or biophysicists; the sup-

port we receive from a talented supporting staff — all are appreciated by the
members of our group and, in fact, by
all the scientific staff of the Department. Instead of singling out a special
area of science for emphasis here, this
time monetary support will be the object of attention. About 20% of our Department budget directly supports external purchases of materials, services, and travel for our scientific work.
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We have been fortunate enough to
Strontium Diffusion in a Basali
obtain about half that amount from
Melt and Implications for Sr
government Isotope Geochemistry and
from
grants, primarily
Geochronolocy
agencies, which has added greatly to the
extent of the projects we are able to
AlbrechtHofmann
undertake. These two sources largely
indicate the bounds of our efforts.
Introduction

Budgets and government sources have
six- to nine-month lead times. Yet sometimes only a month or two is available
to take advantage of a special opportunity, and a small amount of "seed
money" is needed to demonstrate the
importance of a new line of investigation. Such a resource for geophysics
exists in the Institution's Harry O.Wood
Fund for seismology. Mr. Wood left a
modest endowment to be administered
by the Institution to enable a scientist to
work personally on special field projects
in seismology and seismic geology.
Many geophysicists outside the Institution have received and valued grants
from this fund, and we share their enthusiasm. One such grant to our Department enabled Dr. Sacks to install experimental borehole strainmeters at the
DTM and at the Japanese seismic station at Matsushiro. Another made possible Dr. James' preliminary field collection of rocks in southern Peru for a
geochemical study of the interaction of
the Nazca and the Americas plates. Still
another grant provided funds to extend
the range of observations of explosions
from southern Colombia into Ecuador
last year. It will be noted in the reports
that follow that a considerable amount

Chemical equilibrium in the earth has
been attained on a local scale only,
"Local scale" may mean a few millimeters for a metamorphic process in
the crust or it may mean many kilometers in the mantle; but in any case
chemical inhomogeneities persist and
many, perhaps most, chemical reactions
are ultimately controlled by transport
processes. This is of particular interest
witn regard to the upper mantle and to
the geochemical evidence for chemical
and isotopic heterogeneity in some, and
homogeneity in other, regions of the
upper mantle (see, for example, Gast
et a/., 1964; Gast, 1968; Kay et al, 1970;
Hart, 1971; Hart et a/., 1973; Hart and
Brooks, and James et al, this Annual
Report). Diffusivities in crystalline silicates are generally so low (see, for example, several contributions in Hofmann et a/., 1974) that they are of interest only to intragrain and small-scale intergrain reactions. Diffusivities in liquids, on the other hand, can be expected
to be many orders of magnitude greater
and to contribute significantly to chemical homogenization in the mantle,
The Sr87/Sr86 ratio in volcanic rocks
is perhaps the most widely used tracer
of differences in mantle-source chem-

was added to the Wood Fund's contribution to provide the data discussed,
The essential feature of such funds is
their capacity to be magnified because
they are available while a problem is
still in its conceptual stages. It is our
opinion that any institution could use
several funds of this type to provide opportunities to explore new problems on
a personal basis. Because of their immediate availability and their support
of "high risk" ventures, these small endowments can be appreciated especially
by privately supported groups like ours,

istry of volcanic rocks, and data on
strontium
diffusion are therefore of
particular interest. Initial measurements were made using the gamma
emitter Sr85 as tracer in self-diffusion
experiments on dry basalt melts. The
results reported here are preliminary
but are judged sufficiently accurate for
a discussion of the scale of mantle heterogeneity and for applications to Rb-Sr
geochronology of magmatic rocks. When
data on the diffusivity and its temperature dependence have been determined
for a number of trace and major ele-
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ments, detailed applications to element
partitioning during melting and fractional crystallization processes will also
be possible i sec Albarede and Bottinga,
1972).
Previous Work
Although much work has been done
on diffusion in binary and ternary silicate glasses, only a few measurements
have been made on silicate liquids. The
number of measurements made on compositional systems that resemble natural melts is even smaller. Bo\ven(1921)
studied interdif fusion between diopside
and plagioclase liquids at about 1500°C
and determined the composition of the
quenched diffusion couple by measuring
the refractive index as a function of
distance. Winchell and Norman (1969)
measured tracer diffusion of cesium in a
melt of a composition somewhat similar
to basalt. They placed a thin layer of
powdered glass containing the tracer in
contact with a column of melt held by a
platinum capillary crucible and determined the activity profile by successively grinding the sample and counting the
gamma activity of cesium. Medford
(1973) determined calcium diffusion in
a mugearite melt. He prepared a diffusion couple between a natural mugearite
and a mugearite artificially enriched in
CaO, and measured the calcium diffusion profile by electron microprobe.
Voder ( 1973) determined chemical transport between a basalt and a rhyolite
melt at 1200°C and 1 kbar water pressure and interpreted the resulting concentration gradient as "most likely due
to diffusion in the liquid; however, other
mechanisms, such as vapor transport,
might have been active." Shaw (1974)
measured water diffusion in obsidian
glass at temperatures between 750° and
850°C. Smith (1974) measured alkali
interdif fusion in basaltic, andesitic, and
granitic melts. His diffusion couples
were chemically identical except that
one side was enriched in one alkali
metal, e.g. Na, and the other side was
enriched in another, e.g. K.
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All of these studies, except that of
Winchell and Norman (1969), involve
multicomponent diffusion in a complex
silicate system and the results are therefore quite difficult to interpret in detail. For example, Medford (1973) was
careful to keep the enrichment in CaO
in one side of the diffusion couple fairly
small (10% CaO versus 7.4% CaO in the
original mugearite) so that he considered
the chemical differences with respect to
all other components to be negligible,
and for this reason Medford interpreted
his results as measurements of the "diffusion rate of calcium" or "the principal
coefficients, Di{" of calcium in a multicomponent system. However, the diffusion of the calcium species, say Ca2 ' ,
must be balanced by a counterflow of
other species, and the overall rate is determined byall species involved. Thus it
may not tobe compositional
possible to apply
Medford's
results
systems
that
do not have the same chemical gradients
as the one he studied. The fact that Medford was unable to measure these gradients analytically does not make them
unimportant. Specifically, the difference in Si02 concentration between the
two halves of the couple was about 1.5%,
compared with about 2.5% for CaO.
Thus an Si-bearing species was among
the major diffusing components that
were coupled to the Ca diffusion and
either inhibited or enhanced the net
rate of Ca movement.
In comparison, the phenomenon of
tracer diffusion is relatively simple.
There are no significant chemical gradients in the system, and the tracer diffusion coefficient is a measure of the
intrinsic mobility of the diffusing
species. In considering major-element
diffusion in multicomponent systems,
all the "straight" coefficients and cross
coefficients must be known, but for trace
element diffusion the tracer-diffusion
coefficient gives a good measure of the
actual mobility.
Experimental Method
The starting material was prepared
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from a large sample of olivine tholeiite,
1921 flow of Kilauea, Hawaii, obtained
from H. S. Yoder, Jr. (sample No. H
36b). Chemical analyses of other
samples from this flow may be found in
Yoder and Tilley (1962). The rock was
ground to a fine powder, using a shatterbox, and a portion was doped with Sr85
(tv„ = 64 days) by adding the tracer in
chloride solution to the powder. The
mixture was then dried and heated
slowly to about 1400°C and held for at
least two hours. After quenching, the
glass was crushed and remelted at
1400°C. This process was repeated until
the specific Sr85 activity of the glass
fragments was uniform. The diffusion
couples were prepared by a method similar to that used by Smith (1974). The
melt was held in a Pt95Au5 crucible at
about 1420°C and loaded into Pt tubing
of 2 mm diameter by placing the end of
a long piece of tubing into the melt and
letting the melt rise by capillary action.
The loaded and quenched tubes were cut
into segments about 1 cm long, the ends
of which were ground nearly flat (actually, slightly convex) using a handheld drill and grinding on silicon carbide
paper. After an additional anneal at the
approximate intended run temperature,
the ground surfaces of the quenched
basalt glass in the tubes were smooth
and somewhat convex. Two loaded
tubes, one doped and one undoped, were
then placed in end-to-end contact and
held by Pt wire. The couple suspended
in a Pt crucible was lowered slowly into
a furnace. This step is important
because too rapid an increase in temperature may lead to trapped bubbles at the
interface, leakage of melt at the seam,
and an irregular shape of the interface.
Ideally, surface tension from the fused
junction will draw the two Pt tubes together and no leakage will occur from
the open tubes. It was found, however,
that it is difficult to prevent leakage of
melt from the seam at temperatures
above about 1350°C. For the one run at
1410°C considered successful, the couple
was prepared by wrapping gold sheet

937

(0.025 mm thick) around the end of the
Pt tubes and alloying the gold with the
platinum before joining the tubes. The
gold changes the surface properties so
that the tendency for the melt to wet the
surface of the tubing is greatly reduced.
In addition, the gold caused the rims of
the tubes to weld together, making the
resulting diffusion couple leakproof at
the seam. However, the gold alloy weakened the tube so that there was visible
thickening of the tube near the seam,
and this caused some flow of melt toward the center. The results from this
run need to be confirmed when an improved alloying technique (probably
employing thinner gold foil) has been
developed. The problem of melt leakages
was apparently not encountered by
Smith (1974). Whether this was because
of the presence of an argon atmosphere
during Smith's runs (versus air in the
present experiments) or his use of a
more suitable batch of Pt tubing or some
other effect is not known at present.
The diffusion runs were made in a Ptwound melting furnace at the Geophysical Laboratory. The temperature was
measured by Pt90Rh10 thermocouple.
Fluctuations were within ±15°C. A
thermocouple-controlled temperature
controller installed during the course of
the experiments reduced these variations somewhat. The temperature distribution within the furnace was found
to change significantly with the introduction of the Pt crucible holding the
diffusion couple, presumably because of
changed patterns of air convection with
the furnace. Run durations were between 8and 64 hours.
After the diffusion run the charge was
cooled in air and broken at the seam of
the couple. Both halves of the charge were
then analyzed by successively grinding
on wet silicon carbide paper and counting the gamma activity of the remaining
rod. The gamma energy counted was
that of the 0.514 MeV photo peak of Sr85.
A solid 3" X 3"NaI crystal detector was
used with a Northern Scientific 1024
channel analyzer, model NS 710.
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Results and Discussion
An example o( a tracer-concentration
profile after the diffusion run is shown
in Fig. 45. The activities given were calculated from the difference in count rate
before and after grinding the glass rod,
divided by the difference in length of
the rod as measured by a micrometer.
The position on the abscissa represents
the midpoint of such a segment, and the
error bars represent one-sigma counting
errors. The solid line is an ideal diffusion profile given by the error-function
solution for a couple of infinite length.
The agreement between the measured
activities and the ideal curve is satisfactory. In terms of its length scale, the
ideal diffusion profile was fitted visually
to the measured values. More sophisticated data analysis of the diffusion
profiles is possible (see, for example,
Crank, 1957, ch. 11), but this should not
be expected to yield a reliable estimate
of the experimental uncertainty because
several factors that contribute to this
error would not be included in such an
analysis. Among these factors are initial
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1410°C may be larger because of the deformation ofthe rod during the run.
Fig. 46 shows the temperature dependence of the self-diffusion coefficients
for strontium in the olivine tholeiite.
The solid line corresponds to an
Arrhenius relation with an activation
energy of 114 kcal/mole and a pre= 1.0 X 109cm2sec_1.
factor D0
exponential
This
temperature
dependence
must be
taken as preliminary because of the
small number of successful diffusion
runs and because of the added uncertainty of the highest-temperature run.
The other data shown on Fig. 46 are the
results for Ca diffusion in mugearite of
Medford (1973) and for Cs diffusion in a
synthetic, basalt-like composition
of
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perturbations in the couple and possible
contraction of the melt during quenching. A somewhat more reliable estimate
of the uncertainty can be made from the
experimental reproducibility of a larger
number of runs. At present it is thought
that the lower temperature diffusion
coefficients are accurate within a factor
of 2 but that the error in the value for

ACTIVITY

i

INSTITUTION

.

i

i

i

i

-0.2

0

DISTANCE

i

(cm)

:

0.2

i

^

—

— —

i

i

0.6

0.4

Fig. 15. Specific activity in counts per second unit length of rod versus distance parallel to the long
dimension of the rod. The activity values are plotted at the midpoint of each segment counted. The error
bars represent 1-sigma counting errors. The vertical dashed line marks the position of the original interface between the two halves of the diffusion couple. The solid curve is the error-function solution of the
equation of one-dimensional diffusion between two infinite half spaces of constant initial activities^! =
A , and A = 0. Run temperature was 1286°C; run duration was 2.28 X 105 sec.
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Fig. 46. Arrhenius plot log10D versus inverse
absolute temperature. Dots and the solid line represent Sr self-diffusion in olivine-tholeiite melt.
The dashed line represents Medford's (1973) results for Ca diffusion in mugearite. The dashdotted line represents data of Winchell and Norman (1969) for Cs tracer diffusion in a synthetic
"basalt" of composition 48% Si02, 13% A1203, 20%
CaO, 2% Na20, 11% Fe203, 4% MgO, 2% K20.

Winchell and Norman (1969). These
comparisons bear on the so-called compensation effect discussed by Winchell
and Norman (1969), Winchell (1969), and
Smith (1974). This effect amounts to a
linear relationship between activation
energy of diffusion and the pre-exponential factor D0 in the Arrhenius relationship D=D0exp (-E/RT) for different diffusing species and/or different
matrices. The compensation equation
given by Winchell and Norman (1969)
for silicate melts is

log1QZ)0 = 5.79^ 1.23 X lO-4^.
When diffusion in glasses and crystalline silicates is included, the scatter in
the correlation plot increases drastically
but some compensation is still apparent.
Winchell (1969) gave the relation
log10L>0 = -5.94 + 1.45 X lO4^
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for diffusion in all silicates. He ascribed
the scatter to experimental uncertainties that may be due to effects such as
sample convection and temperature
errors, and he justified the compensated
behavior in terms of absolute rate
theory. For the present purpose it is
sufficient to point out that it is either a
consequence or the cause of the compensation effect that at some temperature T* all diffusion coefficients are the
same. Winchell and Norman (1969) find
that at T*=1500oC, D* = 10"6 cm^ec1.
The data shown in Fig. 46 are consistent
with these values within the scatter of
the data given by Winchell and Norman.
Smith's (1974) data for alkali interdiffusion also fit these values within about
one order of magnitude. It is believed
that this body of data forms a sufficient
basis for order-of-magnitude calculations of diffusion in the upper mantle.
Implications for the Isotope
Geochemistry of Strontium
For the purpose of this discussion it is
assumed that the diffusion coefficients
of Sr measured on a dry basalt melt are
applicable to partial melts forming in
the upper mantle. This assumption must
be justified by further experiments.
However, by way of inference from the
compensated behavior of cation diffusivities in silicate melts, it appears likely
that, within the temperature range of
interest, the diffusion coefficients will
not change by more than an order of
magnitude as a function of matrix
composition. The effect of pressure is
not known, but increased pressure is expected to decrease the diffusion coefficient somewhat.
The isotopic composition for strontium of volcanic rocks from a single
oceanic island is often variable, and the
question arises, how far apart must the
magma sources be for such inhomogeneities to persist in geologic time. The
quantity
(Dt) '- is a convenient
measure
for
the characteristic
diffusion distance.
(For example, in diffusion from a source
of constant concentration C, into a semi-
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infinite medium of initial concentration
C0. {Dt) gives approximately the distance at which C -(C, - CJ 2.) Assuming a diffusion time o( 109 years and
Ds - 10_: cm -sec-1 for temperatures
near the basalt liquidusat 1 atmosphere,
the characteristic distance is found to be
560 meters. If only a small fraction of
the material is liquid, the transport distance will be even smaller because of the
smaller diffusion coefficients in solids.
This means that isotopic inhomogeneities can persist virtually indefinitely
within source volumes as small as 1 km3,
and the isotopic variations found on
oceanic islands are readily explained. It
appears unlikely that such small-scale
Inhomogeneities would be eliminated by
solid convection in the mantle.
It is perhaps more surprising that
mid-ocean ridge basalts are so nearly
uniform in their isotopic composition
(see. for example. Hart, 1971). This
might be taken to imply that the mantle
source rocks of the mid-ocean ridge
basalts must have been liquid early in
the history of the earth and that the
material became isotopically homogeneous as a result of vigorous convection in
this liquid. However, the depleted character of the mid-ocean ridge basalts
implies that the source rock was fractionated by partial melting and withdrawal of melt early in the earth's history (Hart, 1971). Such a fractionation
process is expected to lead to some
chemical inhomogeneities (particularly
with respect to the Rb/Sr ratio) in the
residue, and these in turn would later
produce isotopic inhomogeneities in the
3 ^r^' ratio. These variations would
be -mall, however, because of the general lowering of the Rb/Sr ratio during
the depletion process. An alternative
mechanism, suggested by R. C. Fletcher
M971. persona] communication), requires that a partially molten mantle
convects by two-phase flow with upward migration and gradual segregation
of the melt fraction. The process culminates in the complete separation and
intrusion of the melt phase at the mid-
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ocean ridge. Two-phase flow may tend
to homogenize the isotopic composition
of both phases by chromatographic
action (see Hofmann, 1972). For example, initially sharp chromatographic
fronts will be progressively smeared
out if the solid phases do not equilibrate
instantaneously with the melt phase.
Alternatively, the homogenization may
take place by convection in a magma
chamber during final separation of the
melt from the mantle residue. These
considerations lead to a rather simple,
though important conclusion: Unless
the source mantle of mid-ocean ridge
basalts was chemically and isotopically
uniform from the time of the earth's
accretion, isotopic mixing must have
involved a liquid fraction (or possibly
another fluid phase) because either convection or diffusion in an all-solid
mantle is inadequate to homogenize the
material in all of geological time. Liquid
diffusion alone is also insufficient to
homogenize isotopic differences over a
distance of more than a few hundred
meters, and consequently the mixing
process must be convective, either by
two-phase
flow or in a completely liquid
body.
The measurements also bear on the
problem of wall-rock contamination that
has been invoked to explain chemical
and isotopic differences between different eruptions from the same volcano.
For the purpose of this problem, the
time scale can be reduced to the order of
106 years, and the corresponding characteristic transport distance for diffusion
becomes 18 meters. Thus a magma that
has been contaminated with wall-rock
strontium must be stirred by convection
to become isotopically uniform.
Finally, the diffusion data can be applied to problems of Rb-Sr isochrons in
large bodies of granite or migmatitic
granite gneiss. Many of these bodies are
compositionally quite inhomogeneous
and, therefore, have not been stirred
sufficiently (in a molten or partially
molten state) to homogenize the rocks.
Nevertheless, the (implicit or explicit)
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assumption that such rocks were isotopically uniform with respect to strontium
at the time of melting is made so frequently that it seems impractical to
quote (or blame) individual references.
The diffusion data for basalt at liquidus
temperatures can be safely applied to
granitic melts if they are taken as maximum values because of the considerably
lower temperatures and higher viscosities of granitic melts. This is supported
by Shaw's (1974) results on water diffusion in obsidian. It is clear that any
granitic melt that was not mechanically
homogenized cannot have been homogenized by Sr diffusion either, unless the
initial inhomogeneities existed on a
scale of less than a few meters. This
means that Rb-Sr isochron measurements from such terranes must be interpreted with considerable caution,
especially when the measurements are
made on very large samples that weigh
several tens of kilograms. It would then
appear possible that the original Rb/Sr
ratios and the Sr isotopic compositions
of such large samples were approximately preserved through the melting
event and that the resulting isochron
(which would contain some data scatter)
is a measure of the age of the source
rock. It is, of course, also possible that
the melting event would redistribute
Rb and Sr locally in such a way that a
regression line through the somewhat
scattered data would be a measure of
the age of the melting event. A decision
as to which is the appropriate interpretation will usually require more
detailed measurements to determine
the scale of isotopic inhomogeneity or
confirmation by different techniques.
In summary, the determinations of
strontium self-diffusion in a basaltic
liquid place a number of important
limitations on the interpretation of Sr
isotopic data for basalts and Rb-Sr isochrons on granitic terranes. These limitations are that an upper-mantle source
volume can be isotopically homogenized
only through the action of a convecting
melt, that in the absence of convection

a partially molten source region will
remain inhomogeneous on the scale of a
few hundred meters, and that Rb-Sr
isochrons of rocks formed by partial or
complete melting do not necessarily
yield the age of melting.
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An Isotope Dilution Technique
for Analysis of the Rare
Earth Elements
N. Shimizu

Chemistry
Eight REE (Ce, Nd, Sm, Eu, Gd, Dy,
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Er, and Yb) are analyzed by an isotope
dilution technique basically similar to
that described by Schnetzler et <//.
1 1967). The sample sizes used here range
from 10 to 50 mg. The ion-exchange
resin column used consists of 3 ml of
Dowex 50 W-X8, 200-400 mesh cation
resin 1 19 cm long) contained in a Teflon
(FEP) tube with a polyethylene filter
disk at the bottom. The REE are eluted
from the column, following Sr, with 6.2
N HC1 and collected as two successive
2-ml fractions in Teflon beakers. The
first fraction is enriched in the heavy
REE (Gd-Yb) and the second fraction
in the light REE (Ce-Gd). No further
effort is made to separate and purify
each of the REE from the others. The
REE fractions are evaporated to dryness and dissolved in a drop of 2.5 N
HC1 for loading on the filament. Blanks
for the whole chemical procedure are:
0.2 ng for Ce and 0.06-0.01 ng for the
other REE. The spike solutions of individual REE, kindly provided by Drs.
J. A. Philpotts and C. C. Schnetzler of
Goddard Space Flight Center, were
combined and diluted in a Teflon bottle
for routine use. The combined spike was
calibrated against a combined shelf
solution of known REE concentrations.
In the course of preparation of the shelf
solution, Sm203 and Nd203 powders
were ignited separately in quartz test
tubes for six hours at 850 °C to remove
H20 and C02. A weight loss of 10% for
Sm203 and 1 i% for Nd203 was observed
after the ignition. All the REE oxides
except Ce02 were dissolved in two-bottle
distilled 2.5 N HC1. Ce02 ^ras evaporated with concentrated H2S04 several
time- and then dissolved with dilute
H2SO,.
Mass Spectrometry
All mass spectrometric measurements are made with the 9-inch machine
described by Hart et al (1971), equipped
with a FR-41 field control device and
under control of a PDP11/20 computer.
The chloride sample solution is evaporated on the side filament of a Re double
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filament source (previously outgassed
at 3.0 amp for 20 min) and taken up to a
dull red heat in air. The sample is conditioned in the mass spectrometer by
heating the side filament at 1.4 amp for
30-60 min until the source vacuum is
better than 2 X 10 " torr, and then by
heating the side filament at 1.0 amp and
the center filament at 1.9 amp for about
15 min. The center filament current is
then increased to 3.2 amp to obtain a
Re187 intensity of about 11 n amp. The
side filament current is then turned up
to 1.3-1.4 amp, where REE ionization
begins. The measured intensity of the
REE ranges from 0.5 to 3 X 10 12 amp for
loads of about 20-30 ng. In the circumstances described above, most REE are
ionized as M+, although monoxide ions
of Ce, Pr, and Nd are observed along
with their metal ions. The mass overlaps of Pr141016 with Gd157 and NdI45016
with Dy161 make it difficult to measure
Gd and Dy in the presence of Pr and Nd,
because the isotope ratios to be measured to determine concentrations are
157/155 for Gd and 161/163 for Dy. Gd
and Dy are therefore measured in the
fraction enriched in the heavy REE,
together with Er and Yb (where no
oxide interference is observed). Ce, Nd,
Sm, and Eu are measured in the other
fraction.
Accuracy and Precision
BCR-1 (USGS standard sample) was
measured for comparison with results
from other laboratories. This comparison, given in Table 2, shows that the
present results agree with those in the
literature to within 5%. The isotope
ratios are usually reproducible to within
0.5% (often better than 0.1%) and do not
contribute significantly to the overall
precision. Blank corrections are generally negligible (except for Er and Yb
in PHN 2302 CPX and JJG 352 CPX
(Shimizu, this Report), where 3-5%
corrections were made]. Overall, the
REE concentrations determined by this
technique are considered to be reliable
to better than 3-5%.
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TABLE 2. REE Concentrations of BCR-1

Gast etal. (1970)
Philpotts et al. (1970, 1972)
Loubet e£ al. (1972)
Nakamura and Masuda
(1973)
O'Nions and Clarke (1972)
DTM

Ce

Nd

54.9
53.9
51.8
54.3
52.3
53.7

Yh
Sm

Eu

28.8
28.6
29.9

6.74
6.66
6.22

1.98
2.05
2.00

6.47
6.67

28.9
28.9
29.0

6.73
7.11
6.74

1.98
1.92
2.02

6.67
6.54
6.55
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The Partitioning of K, Rb, Cs, Sr,
and ba between clinopyroxene
and Silicate Liquid at High
Pressures
N. Shimizu

Knowledge of the partitioning of trace
elements between silicate crystal and
melt is of fundamental importance in
understanding the genetic relationships
among basaltic magmas and the chemical evolution of the mantle. I report
here the experimental results on partitioning ofK, Rb, Cs, Sr, and Ba between
clinopyroxene and silicate melt at pressures of 15-30 kb. Comparison is made
with the partition coefficients determined by analysis of phenocryst-matrix
pairs of volcanic rocks (e.g., Philpotts
and Schnetzler, 1970; Onuma et al,
1968; Hart and Brooks, this Report).
The system chosen for the present
study is diopside (50% by weight on an

Er

Gd
6.22
6.47
6.42

3 69
3.49

6.36
6.12
6.47

3.69
3.48

3.46

3.57

94.°,

3.74
3.38
3.40

3.39
3.42
3.49

anhydrous basis)-albite(25%)-anorthite
(25%) containing trace element concentrations within the range of natural
basalts (2200 ppm K; 3.2 ppm Rb; 0.56
ppm Cs; 130 ppm Sr; 250 ppm Ba). This
particular bulk composition was selected because: (1) it approximates a
basaltic composition; (2) the phases
clinopyroxene and liquid are stable over
a wide range of P and T; and (3) the
system contains A1203, which may be
important for the partitioning of univalent alkali elements between clinopyroxene and silicate liquid as a result of the dependence of the partitioning on the aluminum activity in the
melt, as suggested by Mclntire (1963).
The high-pressure runs were conducted under hydrous but vapor-absent
conditions (water content ranged 6.8-8.1
wt %) so that the effects of pressure
and temperature could be separated to
some extent. If vapor is present in addition to clinopyroxene and liquid, the
vapor phase (in the form of quenched
vapor after the run) will contain some
fraction of the trace elements in the
system and it would be necessary to
separate the quenched vapor from the
glass in order to determine the partition
coefficients between clinopyroxene and
liquid. Because it is technically difficult
to separate quenched vapor from glass,
the vapor-absent condition was chosen.
Unfortunately, this procedure introduces a new variable, the activity of
water, which may change the activities
of the trace element components in the
melt and thus may change the partitioning. The dependence of the activity
of water on pressure and temperature
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and on pressure, temperature,
and
water content was not Investigated in
the present experiments.
The separation o( the glass phase
from the clinopyroxene was achieved by
a chemical differential dissolution tech-
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element
concentrations
of the bulk
crystal and thus to an increase in the
partition coefficients. This effect can be
evaluated based on the size of the crystal, the thickness of the glass zone
depleted in CaO and MgO, the CaO and

nique (DDT) described in last year's MgO contents of the clinopyroxene, and
Annual Report (Shimizu and Hart, Year the trace element contents of the glass.
Book 72, p. 26S). and the trace element For example, in the case of the 20 kb
analysis was carried out by isotope run, the bulk crystal partition coeffidilution procedures. The quantity of cients would be too high by 307 for Sr
clinopyroxene left after dissolution of and by about a factor of 8 for K, Rb,
glass from the run product varied from Cs, and Ba (assuming equilibrium parti2.6 to 6.6 mg. Although the chemical tion coefficients of 0.002 for K, Rb, Cs,
blanks were quite low (7 ng K, 0.01 ng and Ba and 0.06 for Sr). There is some
Rb. 0.3 pg Cs, 0.2 ng Sr, and 0.8 ng Ba), indication, however,
that the actual
they were nevertheless significant (ex- magnitude of this quenching effect is
cept for Sr) in the analysis of the pyrox- much smaller. For example, microprobe
enes in the present experiments (see analysis of an individual swallow-tailed
Table 3). From an analytical point of quench pyroxene in the 1200°C-15 kb
view, the partition coefficients can run showed less than 100 ppm K, which
probably be determined to within 5% is less than 47r of the K content of the
for Sr, 107 for K, 207 for Rb and Ba, glass. If these circumstances are typical
and 20-307 for Cs.
of the other runs, the effect of the
Attainment of equilibrium was evalu- quenched rim on the partition coeffiated by determining the homogeneity cients of K, Rb, Cs, and Ba will be less
of phases by microprobe analysis. The than about 40%.
variations of major element composi- Another effect of comparable magtion within a grain and among grains nitude would arise if the trace elements
were very small and almost comparable attained only surface equilibrium durto the error of the microprobe analysis ing crystal growth, rather than bulk
(±1-2 relative percent), and thus equi- equilibrium. In that case, the partition
librium was probably attained in these coefficients measured here would be
runs, at least with respect to the major apparent values based on the average
elements. Uniform distribution of fis- composition of the crystal. The magsion tracks in similar experiments (Seitz, nitude of this effect, estimated from
1973) indicates that equilibrium is also simple calculations (Albarede and Botattained at least for the trace element tinga, 1972; Seitz, 1973) involving the
uranium.
crystal-liquid proportions of each run,
Inhomogeneity of the glass was ob- would be on the order of 40-60%., with
served in the immediate vicinity of the the apparent partition coefficients being
crystals. In the area within 7 /xm from lower than the equilibrium partition
the crystal, the glass composition was coefficients. These effects are analyticcorn pletely homogeneous and normal, ally significant, but they do not change
This inhomogeneity is probably similar the arguments of this paper in any sigto the one Green (1973) observed around nificant way.
olivine crystals and which he considered Table 3 summarizes the experimental
to have been formed by growth of an results. The partition coefficients (CPX/
olivine rim during quenching of the run. LIQ) reported here clearly demonstrate
If trace elements are trapped in such a that alkali trace elements and Ba are
rim of quenched
clinopyroxene,
this enriched in silicate melt relative to
woulrl lead to an increase in the trace clinopyroxene by a factor of 500 or more,
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TABLE 3. Experimental Results
15 kb, 1100°C

K
Rb
Cs
Sr
Ba

Cpx
7.69
.031
.0026
23.44
1.23

Liq
5365
7.51
.72
290.3
543.5

D
.0014
.0041
.0036
.081
.0023

20 kb, U00°C
BL

Cpx
8.46
26
11
.011
4
.00065
.3 17.30
20
.77

25 kb, 1200°C
K
Rb
Cs
Sr
Ba

Cpx
8.97
.0081
.00042
18.33
.50

Liq
5430
8.12
1.21
338.4
641.5

D
.0017
.0010
.00035
.054
.00078

Liq
3940
5.79
1.03
263.0
599.9

D
.0021
.0019
.00063
.066
.0013

BL
18
23
12 .O
28 9

Cpx
11.96
.014
.0007
.65

25 kb, L100°C
Liq
D
.0022
5459
7.24 .0019
1.34 .00052
20.35 .067
617.3
.0011

BL
11
15
8
.2
18

30 kb, 1100°C
BL
12
17

Cpx
10.45
.010
11
.00052
.2 16.70
28
.30

Liq
3994
6.15
1.11
253.9
294.6

D
.0026
.0016
.00047
.066
.0010

BL
139
8
28
.2

Starting Material
2200
3.2.56
130
250

Concentrations given in ppm.
D = cone. Cpx/conc. Liq.
BL = percentage of blank correction for Cpx. Concentrations corrected against blanks.

whereas Sr is enriched in the liquid by a
factor of 12-16.
Erlank and Kushiro (1970) reported K
contents of coexisting clinopyroxene and
liquid in experiments on the system
diopside (50%)-anhydrous
phlogopite
composition (50%). At 21 kb and 1450°C
(dry), the diopside contained 140 ppm K
and the liquid about 13% K. Although
the value for the liquid is only approximate, the partition coefficient calculated
from these values (0.0011) is close to
those reported here (within a factor of
2) even though the overall K levels were
much higher.
As shown in Fig. 47, the partition patterns were almost exactly the same for
the four runs at 20-30 kb. The two runs
conducted at 25 kb (one at 1100°C and
the other at 1200°C) show small but real
differences in the partition coefficients.
In Fig. 48, the partition coefficients
are plotted against pressure. The Sr
values are almost independent of pressure, varying only 19% over the pressure
range studied. The other elements also
show little variation over the range
20-30 kb. However, large changes do occur between 15 and 20 kb. These changes
occur not only in the absolute values

(Fig. 48) but also in the relative partition pattern (Fig. 47), i.e., Rb and Cs are
enriched relative to K at 15 kb but are
depleted relative to K at pressures of 20
kb and above. The microprobe data show
that the major element composition of
clinopyroxene
changes
significantly
between 15 and 20 kb, whereas the glass
composition is identical at the two pressures. The most significant changes appear to be a factor of 2 increase in Na20
and A1203 and, thus, an increase in the
jadeite component in the clinopyroxene
solid solution. The increase of jadeite
component will result in a decrease of
molar volume which may facilitate more
efficient rejection of larger ions (such as
Rb and Cs) from the pyroxene structure
relative to smaller ions. This may partly
explain both the absolute and relative
changes of the partition coefficients between the 15 and 20 kb runs,
In Fig. 49, the partition coefficients of
the present study are compared with
those obtained for phenocryst-matrix
pairs from volcanic rocks. Most of the
phenocryst-matrix partition coefficients
are clearly much higher than the present
experimental values. Impurities in the
phenocryst separates might cause such
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Fig. 47. The partition coefficients (cone, in CPX/conc. in LIQ).

947
DEPARTMENT

OF

TERRESTRIAL

MAGNETISM

D

InD

-2

T = 1100°C

o- —

--3
ci

— o

o

Sr

-4

.1
■x^

-5

- .01

-6
\

<>

— «\

—a
„-•

Rb
K

-x

Ba

-7
\

:

\

-8

\

©

Cs

\\

J

5

10

-

1

15
20
P,kb

25

30

Fig. 48. The partition coefficients plotted against pressure (at 1100°C). Points for zero pressure from
Hart and Brooks (this Report).

948

CARNEGIE

?

the 15 kb data and the phenocrystmatrix data from an ankaramite from
the Azores (P39; Hart and Brooks, this
Report).
A direct application of the partition
coefficients obtained in this study is to
estimate the trace element concentrations of the liquid that would be in
equilibrium with natural clinopyroxenes. The clinopyroxenes in garnet pyroxenites from Salt Lake Crater

25-R

i

-

P-39

.:•

.001

Rb

Cs

8a

. :::•
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5r

Fig. 49. Comparison of the partition coefficients. Dashed lines indicate present results (numbers refer to pressure values). The 25-kb results
were omitted for simplicity of the figure. The
shaded area covers most of the data reported by
Philpotts and Schnetzler (1970). 25-R, GSFC 25
rim; 25-1, GSFC 25 intermediate; 204c, GSFC 204
core from Philpotts and Schnetzler (1970); P-39
from Hart and Brooks (this Report). Solid triangles for Sr, K, and Ba are from Onuma et al. (1968).

a difference. However, the parallel shift
of partition patterns observed in a single
pair (for example, rim-matrix and corematrix partition of GSFC 204, Philpotts
and Schnetzler, 1970) cannot be explained by matrix impurity but probably represents some disequilibrium
effects, as pointed out by Philpotts and
Schnetzler (1970) and as discussed by
Hart and Brooks (this Report). Note in
Fig. 49 the striking agreement between

(Shimizu, 1974) may be one such example. Green (1966) argued that these
garnet pyroxenites were originally
monomineralic clinopyroxene rock
which crystallized on the liquidus of
alkalic basalt at 13-18 kb and later exsolved garnet and orthopyroxene during cooling. Following this idea, the concentrations observed in the clinopyroxenes were recalculated to the original
concentrations based on the modal
proportions of phases, and they average
17.5 ppm K, 0.02 ppm Rb, 0.00053 ppm
Cs, 63 ppm Sr, and 2.3 ppm Ba. Using
the partition coefficients reported here,
the concentrations of these elements in
the hypothetical liquid in equilibrium
with the clinopyroxenes would be: 670012,500Cs,
ppm780-950
K,' 5-13ppm
ppmSr,Rb,and0.15-1.1
ppm
10002300 ppm Ba. These values are similar
to those observed in alkalic basalts.
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Clinopyroxene-Matrix
Partitioning of K, Rb, Cs, Sr, and Ba

K, Rb, Cs, Sr, and Ba between very carefully purified clinopyroxene phenocrysts
and matrix for two samples and show
S. R. Hart and C. Brooks
that the partition coefficients for these
elements in clinopyroxene may be an
Trace-element studies, particularly of order of magnitude lower than those
the LIL elements (large-ion-lithophile), currently in use in the literature.
Two samples were used in this study.
have played an important role in our
understanding of basalt genesis and P39 is an ankaramite from the Azores
evolution. These studies have become in- containing phenocrysts of olivine (Fo
creasingly quantitative, largely as a 86), plagioclase (An 70), and clinopyroxene. GSFC 204 is an andesitic basalt
result of the theoretical discussion by
Gast (1968) and the availability of high- from Kozori, Sano, Japan, containing
quality partition coefficient values for about 30% large zoned diopside-augite
the LIL elements in a wide variety of phenocrysts and minor small feldspar
minerals (Philpotts and Schnetzler, phenocrysts. This sample was used in
1970; Schnetzler and Philpotts, 1970). the partitioning study of Philpotts and
For further progress, it is now necessary Schnetzler (1970), and a matrix sample
to know more about trace-element par- and concentrates of core diopside and
titioning as a function of pressure, tem- rim augite were kindly supplied to us by
perature, composition, and in terms of J. A. Philpotts. Because of our ability to
possible kinetic or nonequilibrium ef- analyze small samples (10 mg) by isofects (Albarede and Bottinga, 1972).
tope dilution we were able to handpick
Laboratory measurements have recent- essentially pure clinopyroxene fractions
ly become available for rare earth par- from these samples. During handpicktitioning at relatively low pressure ing, each grain was examined on all
(Cullers, Medaris, and Haskin, 1973; surfaces. No impurity grains or composZielinski and Frey, 1974). Shimizu, this
ite grains were allowed. In the case of
P39,
the final concentrate was 100%
Year Book, reports results on clinopyroxene-liquid partitioning of several clinopyroxene, with all grains glassLIL elements at high pressure and tem- clear and free of internal cloudiness or
perature. We report here partitioning of surface staining. Olivine and plagioclase
TABLE 4. Analytical Data for Clinopyroxene no. 204.
Matrix

K(ppm)
Rb(ppm)
Cs(ppb)
Sr (ppm)
Ba(ppm)
Sr87/Sr86*

DK
DRb
DCs
DSr
DBa
DK/Ba
DK/Rb
DK/Cs

5428
9.32
420.
230.6
96.3
0.70344±6

Cpx Rim
29.4
0.0877
7.53
17.17
1.323
0.70337±10
.00542
.00941
.0179
.0745
.0137
0.40
0.58
0.30

Cpx Core
7.26
0.0163
1.54
16.57
0.156
0.70312±11
.00134
.00175
.00367
.0719
.00162
0.83
0.77
0.37

Rim, Impure

Core, Impure

240.9
68.0.557

99.1
0.237
42.
21.37
1.79
0.70326±8
0.0183
0.0254
0.100

27.55
4.46
0.0444
0.0598
0.162
0.119
0.0463
0.96
0.74
0.274

*Normalized to 86/88 = 0.1194 and 0.70800 for E & A, 0.71022 for NBS-SRM 987.
Errors are 95% confidence limits.

.0927
0.0186
0.98
0.72
0.183
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950
oi similar purity were also separated
from sample P39. It was not possible in
the case oi sample 204 to achieve such
purity because most o( the pyroxene
was either variably stained or cloudy.
Our final sample of 204 core was composed ot L003 glass-clear pyroxene, but
some grains showed surface staining.
Most grains in the 204 rim sample
showed, in addition to surface staining,
some internal cloudiness and some tiny
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inclusion material. We believe the difference between our partitioning results
and previous results is related not necessarily to the overall purity of the
samples but to the degree of staining
and cloudiness present in the pyroxene
grains that are used for the analysis.
The results are given in Tables 4 and 5,
and the calculated partition coefficients
are plotted in Fig. 50.

TABLE 5. Analytical Data for Clinopyroxene, Plagioclase, and Olivine from Sample P39
Green Cpx

Brown Cpx

Olivine

28.0
0.0747
0.752
43.4
0.677
0.70359±10
0.00283
0.00327
0.00392
0.0844
0.00234
1.21
0.86
0.72

16.51
0.0322
0.291
57.2
0.630
0.70360±7
0.00167
0.00141
0.00152

1.75
0.0041
0.082
0.098
0.033

Matrix
9910
22.85
192.
514

K ippm)
Rb(ppm)
Ca ippbi
Sr (ppm)

289

Ba(ppm)

0.70361±7

Sr87/Sr86
DK
DRb
DCs
DSr
DBa Ba
DK
DK Rb
DK Cs

Plagioclase
1786
0.598
4.76
1048
95.3
0.70364±6
0.180
0.0262
0.0248
2.04
0.329
0.55
6.9

0.000177
0.000179
0.00043
0.000191
0.00011
1.6
0.99
0.41

0.111
0.00218
0.77
1.18
1.10

7.3

Rim,
i

i

-

OOI L
-

i

i
i
impure /

'A /

204rim,P-S
^204

rim

204 core, P-S —

P39 green

V

^

/204

core

P39 brown

V " "" \t i "*~

Shimizu

/
P39
/ olivine "
/

0 oooi

r

impure.

-

SOOI -

1

/

//Core,
/

w\

\v\
2

i

i

Ba

Sr

Fig. 50. Partition coefficientsi
204 | solid lines; and P39 Mashed
data of Philpotts and Schnetzler
at 1100°C at 20, 25, and 30 kb by

r'

RbI

_

Cs1

Ba
Sr

Rb

Cs

for Sr, K, Ba, Rb, and Cs in clinopyroxene. The left plot shows data for
lines) clinopyroxenes and olivine. The right plot shows the 204 pyroxene
(1970), marked P-S, and an average of experimental values determined
Shimizu (this Year Book).
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Pyroxene Partition wig
Our partition coefficients for Sr (.072.111) are close to those reported in the
literature (range .065-. 43); our values
for K, Rb, and Ba, however, are lower
than any previously reported values,
with our 204 rim sample being the approximate lower limit of published
values (Griffin and Murthy, 1969; Philpotts and Schnetzler, 1970). Partition
coefficients for Cs in clinopyroxene have
not heretofore been reported. Compared
to the 204 core and rim values reported
by Philpotts and Schnetzler (1970), our
Sr values are only slightly lower (97c
and 25%), while our K values are lower
by factors of 6 and 5 (core and rim), Rb
values lower by factors of 8 and 4, and
Ba values lower by factors of 8 and 2.
The difference between these two sets of
data is not a matter of matrix impurities
in the clinopyroxene fraction used. This
can be seen by the fact that the pattern
of fractionation is similar despite the
large differences in absolute value of the
partition coefficients. For example, the
relative partitioning of K and Rb is very
similar in our results and those of Philpotts and Schnetzler (1970), whereas
simple matrix contamination would
strongly reduce the relative fractionation of K and Rb and tend to produce
flat patterns in Fig. 50.
To investigate this problem further,
we prepared 204 core and 204 rim samples from the starting material in which
grains containing stained surfaces and
cloudy interiors were concentrated, that
is, we prepared relatively impure samples of each of these pyroxenes (see
Table 4 and Fig. 50). In this case, the
measured partition coefficients were
larger than those measured by Philpotts
and Schnetzler (1970), but there was
still a consistent relative fractionation
between K and Rb (and K and Cs) similar to that observed in the pure fractions. In other words, this effect is not
due to matrix impurity since on a plot
of K versus Rb, for instance, the various
pyroxene fractions fall significantly off
of a mixing line joining the purest frac-

951

tion (204 core) with matrix.
The large partition coefficient variations shown by the 204 pyroxene are not
simply compositional zoning effects,
since the pure rim fraction shows lower
values than the impure core fraction,
and there is little compositional difference between the pure and impure fractions (microprobe analyses show the
pure and impure fractions to be essentially identical in major element composition). This also shows that the range of
observed values is not related to progressive increase of element concentrations in the melt as a result of crystal
fractionation. Albarede and Bottinga
(1972) argued that this effect might be
important in some cases, but in the
present case, crystallization of 98r? of
the original magma would be required
to produce the observed variation in
absolute value of the partition coefficients. We might note here that there is
evidence of nonequilibrium in our pure
204 core, since it is not in strontium isotope equilibrium with the matrix. On
the other hand, the strontium isotope
evidence for 204 rim and the various
phenocryst minerals from sample P39
is consistent with equilibrium between
the phenocrysts and matrix, but this is
not by itself proof of equilibrium. Kuno
(1957) discussed the large compositional
zoning of 204 clinopyroxene but concluded that no strong evidence existed
for xenocrystic origin of the core diopside. The general similarity between the
partition coefficient pattern for 204 core
and P39 pyroxenes, especially the equivalence of the Sr partition coefficients,
suggests that the nonequilibrium of the
Sr isotopes in sample 204 may not be
related to effects which would produce
widely discrepant LIL element partitioning.
There seem to be twTo possible explanations for the 204 pyroxene data: first,
that some kind of post-crystallization
alteration has affected the pyroxene
phenocrysts variably throughout or,
second, that the trace elements are
being trapped into the pyroxene during

CARNEGIE

growth in proportions different from
that which exists in the magma reservoir as a whole tas first suggested by
Philpotts and Schnetzler, 1970. and discussed in detail by Albarede and Bottinga, 19721. It is apparent from Fig. 50
that (except for Sr) the larger ions are
preferentially accepted by the pyroxene,
that is. more Rb than K enters, and
more Cs than Rb. etc. Thus, if postcrystallization alteration of the pyroxene were to produce some phase like a
clay mineral, which is known to preferentially carry the larger alkali elements,
then the observed results could be explained simply in terms of the amount
of alteration contained in the particular
pyroxene fractions. If the staining and
cloudiness noted in much of 204 pyroxene was such alteration, then the purer
fractions would show less alteration and
thus lower partition coefficients. However, the fact that- relative enrichment
of Cs and Rb with respect to K exists
even in the purest fraction (204 core)
would suggest then that either this fraction still contains some alteration or
that pure clinopyroxene does prefer the
larger alkali elements (not what we
would expect intuitively). In the case of
the P39 pyroxene samples, both of which
appear very clear and pure, the green
fraction shows enrichment of Rb and
Cs relative to K, while the brown fraction shows minor depletion of Rb and Cs
relative to K.
At this stage, we prefer to interpret
these results in terms of kinetic effects
related to diffusion gradients in the
silicate liquid near the growing phenosts. Thus, the larger ions (such as Rb
and Cs) may diffuse slower in the liquid,
and a marginal zone of liquid may exist
near the crystal interface, which is relaely enriched in these ions. The wide
range in absolute partition values observed would then be a result of variable
amounts of trapping of this liquid as the
- t a 1s grow; thus the cloudiness of the
crystals would be caused by trapped
liquid of very small, almost submicroscopic size. Albarede and Bottinga (1972)
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have expressly considered diffusion effects in their theory, but even if actual
values were known in the present case
for the diffusion coefficients of the
various elements in silicate liquid,
quantitative assessment using the Albarede-Bottinga theory would not be
possible because it does not include consideration of nonequilibrium trapping
of liquid. A related interpretation which
does not involve trapping might be that
diffusion in the liquid is so slow, even
for elements like K, that the large absolute enhancements of partition coefficients can be accounted for, that is, that
K concentrations some 30 times the
liquid reservoir value can be produced in
a marginal liquid zone surrounding the
crystals. In such a case, no trapping of
liquid would be necessary and the higher
K contents in the impure rim fraction,
for example, would just represent crystal growth in surface equilibrium with
such an enriched liquid zone surrounding the crystal. The relationship to grain
cloudiness in this case might be due to
the imperfect structural arrangement
of pyroxene, which is thus forced to
incorporate such large amounts of impurity elements.
Obviously, only qualitative discussion
of this problem is possible without
much more detailed knowledge of diffusion behavior of elements in silicate
melts. Seitz (1973a), in an experimental
study of uranium partitioning between
clinopyroxene and silicate liquid, noted
large depletions of CaO and MgO in the
melt adjacent to the crystals but observed that the uranium distribution
was homogeneous both in the liquid and
in the crystals. Further studies by Seitz
(1973b) of the diffusion of uranium in
diopside showed migrations of the order
of 10 m in 96 hours at 1240°C. These
data suggest that clinopyroxene growth
in natural systems would have to be
very fast to produce the kinetic effects
we are suggesting based on our present
data.
In comparison with the data of Shimizu (this Year Book) on partitioning in
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clinopyroxene at high pressure (see
comparison in Fig. 50), we may note that
our purest pyroxenes (P39 green and
brown and 204 core) give partition coefficients ingood absolute agreement
with those of Shimizu. He notes a significant depletion of Rb and Cs relative
to K, whereas our data range from only
slight depletions to significant enrichments. His data suggest this may be a
pressure effect, as he observes a change
from relative enrichment to relative
depletion (in Rb and Cs relative to K) between 15 kb and 20 kb. Insofar as Shimizu's high-pressure data represent equilibrium partitioning values, this would
suggest that our phenocryst data, especially P39 brown and 204 core, are
close in absolute level to equilibrium
values.
Plagioclase and Olivine Partitioning
The partitioning of the LIL elements
in plagioclase appears to be a consistent
function of plagioclase composition
(Philpotts and Schnetzler, 1970). Our
partitioning values for P39 plagioclase
are very close to those reported by Philpotts and Schnetzler, when comparison
is made with similar composition plagioclase. The ratio of K/Rb in plagioclase
to that in the matrix is 6.9 for our sample, which is somewhat higher than the
highest values reported by Philpotts and
Schnetzler (5.3-5.5). This discrimination
against Rb by plagioclase (relative to K)
extends as well to Cs, as our data show
that the K/Cs ratio in the P39 plagioclase is 7.3 times that in the matrix.
Note that the plagioclase, like the pyroxene, is in Sr isotopic equilibrium with
the matrix.
Our olivine data are not as precise as
our other data because the blank corrections are much larger (analyzed
sample was 15 mg). Nevertheless, our
values are significantly lower (by factors of 20-80) than those reported for
two olivines (of similar composition) by
Philpotts and Schnetzler (1970). For the
elements K, Rb, Sr, and Ba, our data
and theirs show little relative fraction-

ation between the elements. While this
might be suggestive of matrix contamination, the relative; enrichment of Cs
would seem to rule this out in the ease
of our P39 olivine. Whether this Cs enrichment represents an equilibrium
tolerance of olivine for such a large ion
or is indicative of kinetic effects in the
liquid (as with the pyroxenes) is difficult
to ascertain on the basis of such limited
data.
The partition coefficients we have
derived from our purest pyroxenes are
comparable to those measured at high
pressure by Shimizu (this Annual Report, p.943).|and, with the possible exception ofsome enhancement of the Rb
and Cs values due to kinetic effects, may
represent approximate equilibrium
values. While these phenocrysts probably grew under Raleigh (surface equilibrium) conditions, the resulting difference from bulk or homogeneous equilibrium values is probably small compared
to the other uncertainties discussed
above. The higher values measured on
our impure fractions and those in the
literature we ascribe largely to a combination ofkinetic and liquid trapping
effects (though we cannot rule out alteration as a cause). We would emphasize that, as noted by Philpotts and
Schnetzler (1970), the values to be actually used in a fractional crystallization calculation may well be those obtained from impure fractions, as nonequilibrium may be the rule in such
situations. However, in partial melting
calculations we feel that our lower partition coefficients are more appropriate
as equilibrium values and should be
used in such calculations. In terms of
liquid compositions, there will be little
difference no matter which values are
used; however, the compositions of the
solid left after partial melting will be
strongly influenced by the choice of
partition coefficient.
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Rare Earth Elements (REE) in
Garnets and Clinopyroxenes from
Garnet Lherzolite Nodules in
KlMBERLITES
A'. Shimizu

Last year we reported K, Rb, Cs, Sr,
and Ba contents for clinopyroxenes from
sheared and granular garnet lherzolite
nodules in kimberlites (Shimizu and
Boyd. 1973). The study has been extended here to an analysis of REE in
coexisting garnet and clinopyroxene
from both sheared and granular garnet
lherzolites. The samples analyzed previously Shimizu
(
and Boyd, 1973; Shimizu,
1 974 ) were analyzed for REE, along with
an additional sample of granular garnet
lherzolite collected from the Bultfontein
Floor. The analytical technique is described elsewhere in this report (Shimizu, p.941). The results are shown in
P^igs. 51 and 52. The most remarkable
point is that both clinopyroxene and
garnet show a consistent difference in
REP] pattern between the sheared and
the granular garnet lherzolites. Only
one pair of garnet and clinopyroxene
separated from garnet lherzolite (most
likely a granular type) has been reported inthe literature (Philpotts et al,
1972), and this is also shown in the figures, for comparison.
Garnets from the sheared nodules
have light REE
(Ce) concentrations
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1.2-2 times chondrite and heavy REE
(Yb) concentrations 10-16 times chondrite. Garnets from eclogites from
Roberts Victor Mine (Philpotts et a/.,
1972) and a megacryst from the Monastery Mine (Shimizu, unpublished data)
show REE concentrations very similar
to those of the sheared nodule garnets.
The garnets from the granular nodules,
on the other hand, are depleted in both
light (Ce) and heavy (Yb) REE, relative
to the middle REE (Sm and Eu). The
concentrations of the lighter REE (CeEu) are very similar to those in the
sheared nodule garnets, but the Er and
Yb concentrations are lower by more
than a factor of 2 (Fig. 51).
The clinopyroxenes (Fig. 52) from
the sheared nodules have light REE concentrations about 10 times chondrite
and heavy REE equal to or less than
chondrite. The omphacites from Roberts
Victor eclogites (Philpotts et al, 1972)
and a diopside megacryst from the
Monastery Mine (Shimizu, unpublished
data) show REE concentrations similar
to the sheared nodule clinopyroxenes.
The clinopyroxenes from the granular
nodules have light REE concentrations
about 20-30 times chondrite and heavy
REE less than 0.4 times chondrite.
Figure 53 shows the partitioning of
the REE between clinopyroxenes and
garnet. The dotted area in the figure
shows the ranges reported by Philpotts
et al. (1972). They emphasized the uniformity of the partition coefficients in
spite of the wide compositional variation (Mg/Fe, Na, and Al) in both the
garnet and clinopyroxene that they
analyzed. The samples analyzed here
also cover a wide compositional range,
particularly in terms of Ca/Ca + Mg in
both the garnet and clinopyroxene.
Combining all the data and considering
the wide range in composition, pressure,
and temperature, it may be concluded
that the variations of REE partitioning
between garnet and clinopyroxene are
remarkably small (the largest variation,
in the light REE, is less than a factor of
10). In addition, the sheared and the
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granular nodules do not appear to show
any significant differences in the partitioning of REE between clinopyroxene
and garnet despite the fact that the
REE patterns o( clinopyroxene and
garnet are consistently different in the
sheared and the granular nodules.
Based on the consistency of the clinopyroxene garnet concentration ratios
described above, the partition coefficients of REE between garnet and silicate melt may be calculated by combining these data with clinopyroxene-liquid
partition coefficients (e.g., Schnetzler
and Philpotts, 1970; Grutzeck et (//.,
1973). The partitioning of the REE between garnet and liquid is crucial for
interpreting the REE data of basaltic
rocks in terms of such processes as
partial melting of garnet lherzolite and
fractionation of eclogite. Figure 54
shows the partition coefficients of the
REE between garnet and liquid reported in the literature, together with
those derived from the average clinopyroxene/garnet REE ratio (Fig. 53)
and the GSFC 193 clinopyroxene-liquid
partition coefficient of Schnetzler and
Philpotts (1970). The GSFC 193 values
are in the middle of the range of the
phenocryst-matrix partition coefficients
and close to the experimental values
obtained by Grutzeck et ul. (1973). Figure 54 shows a remarkable agreement
between my estimated values and those
given by Philpotts et ul. (1972) for a
garnet xenocryst-host alkali basalt pair
from Kakanui, New Zealand. The difference observed for the heavy REE is
nevertheless significant in model calculations ofpartial melting and eclogite
fractionation.
Whole-rock REE patterns for the
garnet lherzolite nodules were calcud from the REE contents in the clinopyroxene anrl garnet and the modal
abundances of these phases in the rock.
A- a first approximation, the REE contributions from olivine and orthopyroxene were Ignored. The partition relationships of REE between clinopyroxene-olivine
anrl clinopyroxene-ortho-
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pyroxene pairs (Philpotts et ul, 1972)
indicate that this assumption would
produce an error of about 30% for the
granular nodules and about 10% for the
sheared nodules, and this does not materially change the present discussion.
These estimated whole-rock REE patterns are shown in Fig. 55. Only one
sheared nodule (PHN 1611) and one
granular nodule (JJG 352) are shown because the other samples in each group
show similar patterns (the patterns for
PHN 1925 and 1566 show a slight depletion of Ce, but in general they are similar to the pattern of PHN 1611 shown in
the figure). An interesting point is that
the whole-rock pattern for the sheared
nodules (represented by PHN 1611) is
remarkably similar to a chondritic pattern. If primary mantle material is
chondritic in terms of REE, this particular group of garnet lherzolites is then
very similar to primary material. In
contrast, the whole-rock pattern for the
granular nodules (represented by JJG
352) shows a relative enrichment in the
light REE. The partition relationships
of the REE among garnet-clinopyroxene-liquid suggest that the whole-rock
pattern for the granular nodules is
difficult to explain as a residue left
after partial melting of a primary material wuth a flat REE pattern (i.e., chondritic inthe relative sense).
There is an apparent contradiction
between the major element and the
trace element chemistry as it bears on
the genetic relationship between the
sheared and the granular garnet lherzolite nodules. Major element data indicate that the granular nodules are refractory and therefore appear to be
residue left after partial melting of
more primitive material like sheared
nodules. Trace elements, however, show
an enrichment of some LIL elements
in the clinopyroxenes from the granular
nodules, relative to those in the sheared
nodules. In particular, clinopyroxenes
from the granular nodules contain 200500 ppm Sr in contrast to 90 ppm for
the
sheared
nodule
clinopyroxene
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(Shimizu, 1974), and this is very difficult
to reconcile with clinopyroxene-liquid
partitioning of Sr (Shimizu, this Report,
p. 943). Shimizu (1974) tried to explain

the high Sr content of the granular
nodule clinopyroxenes by equilibration
of the nodule minerals with carbonaterich kimberlite magma, assuming that
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(Philpotts et al, 1972).

the clinopyroxene-silicate melt partition
coefficients are applicable to carbonaterich melt. The very high Sr content
(5500-11,000 ppm) (Bell and Powell,
1969) of carbonatites was taken as evidence for this argument. This hypothesis appears consistent with the REE
data because a hypothetical liquid pattern estimated from JJG 352 clinopyrox-

ene and GSFC 193 clinopyroxeneliquid partition coefficients is similar
(Fig. 55) to that of a soda carbonatite
from Oldoinyo Lengai (Philpotts et al.,
1972), considering the possible uncertainties inthe partition coefficients involved. This argument is based on the
implicit assumption that the rocks have
preserved the primary mineral assem-
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blage attained when the rock was equilibrated with a melt.
An alternative explanation can be
given based on the assumption that the
present mineralogy of the granular
nodules is a recrystallized assemblage;
at temperatures above the solidus, clinopyroxene was the only phase that carried REE, and during cooling to subsolidus temperatures, garnet was
formed. Based on this model, the wholerock REE pattern for the granular nodules shown in Fig. 55 can be interpreted
as being, in a relative sense, the REE
pattern of the primary clinopyroxene.
Since the modal abundances of clinopyroxene and garnet together are about
10%, it may not be unreasonable to
assume that the primary clinopyroxene
was also about 10%. The REE concentrations ofliquids equilibrated with this
primary clinopyroxene can be calculated. Liquid LI (Fig. 55) was calculated
from GSFC 193 partition coefficients
(Schnetzler and Philpotts, 1970), and
liquid L2 was obtained from GSFC 204
core partition data. The estimated liquid
LI is well within the kimberlite range,
and therefore it seems possible that the
granular garnet lherzolites were originally garnet-free assemblages which
equilibrated with kimberlitic or nepheline-melilite basalt-like liquid and later
recrystallized to a garnet lherzolite
assemblage.
As stated earlier, the whole-rock REE
pattern for the granular nodules is difficult to reconcile with what is expected
for residua. It may therefore be suggested that the primary minerals (olivine, orthopyroxene, and clinopyroxene)
crystallized from a liquid similar to
kimberlite or melilite-nepheline basalt
(with respect to REE) to form a cumulate lherzolite which later recrystallized
to garnet lherzolite. This hypothesis
may also be tested using other LIL
trace element data (Shimizu, 1974). The
important point here is that the amount
of clinopyroxene in the rock was decreased during recrystallization to form
garnet (from 10% to 5% in the present
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estimate), resulting in an apparent
enrichment of LIL element concentrations in the recrystallized clinopyroxene
(by a factor of 2 in the present case)
since LIL elements other than REE are
strongly partitioned into clinopyroxene
relative to garnet (Shimizu, 1974).
Therefore, the original concentrations
of LIL elements in the clinopyroxene
estimated in this way for PHN 2.302, for
example, are 55 ppm K, 0.04 ppm Rb,
100 ppm Sr, and 1 ppm Ba. The calculated concentrations in the coexisting
liquid are then 2.2% K, 22 ppm Rb, 1400
ppm Sr, and 1000 ppm Ba and are quite
similar to those in kimberlite.
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Rare Earth Element
Concentrations in a Suite of
Basanitoids and Alkali Olivine
Basalts from Grenada,
Lesser Antilles
N. Shimizu andR. J. Arculus

Trace element abundances in volcanic
rocks are sensitive parameters representing various conditions and processes
relevant to petrogenesis. The theoretical
considerations given by Gast (1968)
cover various aspects of interpreting
trace element data in terms of major
processes such as partial melting and/or
fractional crystallization. The rare earth
elements (REE) are one group of trace
elements whose variation in a given
suite of volcanic rocks can be well explained bypartial melting and/or fractional crystallization models (e.g., Schilling and Winchester,
1969; Zielinski
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this Report), are shown in Fig. 56.
The REE concentrations of these
rocks are characterized by very little
variation in the heavy REE (Er and Yb,
S~10 times chondrite) and a large variation in the light REE (Ce varies by a
factor of 5.5, 17-93 times chondrite).
There is no detectable Eu anomaly in
any of the samples.
Among the possible mechanisms to
account for the REE variations, fractional crystallization processes at lowr
and high pressures and variable degrees
of partial melting are examined here.

and Frey, 1970; Philpotts et <//.. 1971;
« i^ions and Clarke, 1972).
Following this approach, we analyzed
the REE in a suite o( basanitoids and
alkali olivine basalts which occurs on
the island oi Grenada, in the Lesser
Antilles island are. in order to assess
the petrogenetic processes involved.
For the nine samples chosen for the
present study, the characteristic ranges
in the major elements are: 45.14-46.959?
Sic).,. 15.91-17.169i Al.,0,. 10.68-13.009?
MgO, 0.714-0.846 FeO: MgO, 10.2813.50 CaO, 1.80-2.999? Na.,0, and
0.33-1.0195 K20 (Arculus, 1973). Ba, Sr,
and Nb contents show correlations with
total alkalies, and Ca/Al ratios (Arculus. 1973). The REE data, obtained by
an isotope dilution technique (Shimizu,
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plagioclase. Based on the partition coefficients of REE observed for these
minerals (e.g., Schnetzler and Philpotts,
1970), fractional crystallization of these
phases generally results in an increase
of REE concentrations in the residual
liquid. Significant plagioclase crystallization can be ruled out by the absence of
a negative Eu anomaly. An important
point is that there is only a small difference in partition coefficients between
the light and heavy REE for these minerals. The DCv /DYb ratios are about 0.4
for clinopyroxene, 0.5 for olivine, and
1.6 for plagioclase of around anorthite
80% composition (Schnetzler and Philpotts, 1970). Therefore, the separation
of olivine, clinopyroxene, and a subordinate amount of plagioclase from a
magma would result in an essentially
parallel upward shift of the REE pattern in the residual melt in a way similar to that observed by Zielinski and
Frey (1970) for volcanic rocks from
Gough Island. This process is obviously
incapable of producing the observed
factor of 5.5 variation in Ce without
changing the heavy REE concentrations.
Fractional Crystallization at
High Pressures
If a parental magma undergoes fractional crystallization at high pressures,
the effects will be different from those
created at low pressures because of the
difference in the phases which crystallize. Possible high-pressure phases
include orthopyroxene, clinopyroxene,
and garnet, for pressures of 20-35 kb
(Yoder and Tillev, 1962; Green and
Ringwood, 1967; O'Hara, 1968). The
fractionation of orthopyroxene has an
effect similar to that of the phenocryst
minerals mentioned above. However,
partition coefficients given by Philpotts
et al. (1972) indicate that separation of
garnet would result in enrichment of
light REE and very strong depletion of
the heavy REE in the residual melt.
Two different models involving garnet
are examined here. The first model in-

volved successive separations of garnet
and some other phase(s). On the basis
of the partition coefficients f//' =0.007.
D™ =10) given by Philpotts^ al. (1972),
18% subtraction of garnet results in a
21% enrichment of Ce and a factor of 5.8
depletion of Yb, with a Ce/Yb ratio of
7 (the highest value observed;. In order
to shift this residual liquid pattern
upward to fit the observed one, however,
it is necessary to crystallize an additional 85% of the residual liquid as some
other phases. For the samples with
smaller Ce/Yb, smaller amounts of
garnet and additional phases are to be
extracted. However, it would be quite
fortuitous if this complex mechanism
resulted in almost constant heavy REE
concentrations which are observed.
The second model considered here is
fractionation of eclogite (O'Hara and
Yoder, 1967; O'Hara, 1968). The proportion of garnet to clinopyroxene is fixed
so that the ecologite fractionation does
not change the heavy REE concentrations (i.e., bulk partition coefficient = 1).
Based on published partition coefficients
(Philpotts et al, 1972; Schnetzler and
Philpotts, 1970), such an eclogite would
consist of 91% of clinopyroxene and 9%
of garnet. In order to produce the
observed REE variation, it is then necessary to crystallize up to 86% of the initial
liquid as eclogite. This will deplete the
residual liquid in the clinopyroxene
component. Judging from the normative
diopside in these rocks (Arculus, 1973),
however, the samples with the greatest
light REE enrichment also have high
normative diopside contents.
Partial Melting
Batch partial melting of four-phase
garnet lherzolite is examined first. This
model requires an estimate of the proportions ofphases in the original material and of the degree of partial melting.
Theoretically, the proportions and compositions ofphases present at any stage
of partial melting would be unique for a
given starting material. However, no
experimental data are available for the
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variation of phase proportions during
partial melting so the model calculations
cannot produce a unique solution. Therefore, the model calculations were performed here to test whether it is possible to obtain liquid with characteristics
o( the two extremes o( the observed
spectrum. Starting with a garnet lherzolite with 109? clinopyroxene and 109?
garnet (these proportions are typical
for sheared garnet Iherzolites) and with
the chondritic REE pattern, the sample
most enriched in the light REE can be
modeled by melting 3.3'V of the clinopyroxene and 3.39? of the garnet. On
the other hand, the sample with the
lowest concentrations of light REE can
be modeled by 28'V partial melting with
the residue containing \r'c clinopyroxene
and \r'r garnet. The heavy REE concentrations in these two liquids are kept
almost constant. The important factor
for maintaining a constant heavy REE
in liquids derived by various degrees of
partial melting is the presence of garnet
in the solid residue.
Another type of partial melting
examined here is fractional melting, in
which the liquid produced is immediately removed from the system. In this
case, the residue left after each stage of
melting becomes the parental material
for the next stage of melting. Starting
with the same parental material used in
the batch melting model, several stages
of fractional melting were calculated
with 2% melting for each stage. Regardof the mechanisms for removing the
2*5? melt from the system, this model encounters difficulties because the thirdstage liquid was already depleted in Ce
relative to F]u and Dy. This is a result of
the increasingly strong depletion of light
REE in residua left after successive
fractional melting.
Comparison of these various model
calculations suggests that the variations
of Rp]p] pattern observed in the Grenada
basalt suite are best explained by varying degrees of batch partial melting.
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Rare Earth Element
Concentrations in Clinopyroxenes
from an Ocean-Ridge Lherzolite
N. Shimizu and S. R. Hart

Ultramafic rocks dredged from the
mid-ocean ridges and fracture zones are
a possible link to the oceanic upper
mantle and, thus, important for understanding the genetic relationships between the oceanic crust-mantle system
and ophiolite suites. The sample studied
here (Circe 97-W) was dredged from a
cross fracture zone of the mid-Indian
Ocean ridge at about 17°S (Engel and
Fisher, 1969) and is remarkably fresh
for an oceanic ultramafic rock (bulk
analysis shows only 3.5% total water).
Hart (1972) reported the major and
trace element compositions of the constituent minerals and suggested a possible cumulate origin of the rock based
on the trace element contents of clinopyroxene. Additional clinopyroxene
was separated from the rock by hand
picking and analyzed together with the
whole-rock sample for the rare earth
elements (REE) by an isotope dilution
technique described elsewhere in this
Report (Shimizu, this Report, p. 941).
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The results are shown in Fig. 57. The
chondrite-normalized REE pattern of
this clinopyroxene is characterized by
the strong light REE depletion and is in
contrast to the patterns observed in
clinopyroxenes from garnet lherzolite
inclusions in kimberlites (Shimizu, this
Report). The Ce/Yb normalized ratio is
0.007 for this clinopyroxene, compared
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with 179 for clinopyroxene from a granular garnet lherzolite.
The REE concentrations of a hypothetical liquid in equilibrium with this
clinopyroxene can be calculated by
applying the partition coefficients oi
REE between clinopyroxene and liquid
(Schnetzler and Philpotts, 1968, 1970;
Grutzeck et al., 1973). LI in Fig. 57 is a
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Fig. 57. Chondrite-normalized REE concentrations in clinopyroxene from Circe 97-W lherzolite ( Circe
CPX) and in whole-rock sample (Circe WR). LIZARD: diopside from a primary peridotite (90681) of the
Lizard intrusion (Frey, 1969). SE-22: whole-rock pattern of a spinel peridotite mylonite (SE-22) from St.
Paul's Rocks (Frey, 1970). LI: estimated liquid in equilibrium with Circe clinopyroxene; calculated from
GSFC 193 partition coefficients. L2: estimated liquid in equilibrium with Circe clinopyroxene: calculated from megacryst/host partition coefficients (Frey, 1974).

966

CARNEGIE

INSTITUTION

hypothetical liquid pattern calculated
by using GSFC 193 partition coefficients
or those experimentally determined by
Grutzeck et al. 1 1973) and is quite different from the REE patterns observed for
any volcanic rocks. The strong light
REE depletion observed in the Circe
clinopyroxene is also seen in the calculated liquid (LI) because there is little
relative variation in the partition coefficients used in the calculation (phenocryst-matrix and experimental values
both show I) DYh to be about 0.4).
L2 is another hypothetical liquid pattern
calculated from the megacryst-host
partition coefficients reported by Frey
(1974, oral presentation). The megacryst-host partition coefficients are
characterized by a relatively large variation in the light to heavy REE partition
pattern (D° L>Y" is about 0.1). Liquid
L2 is rather similar to the REE patterns
reported for mid-ocean ridge basalts
(MORB). If the megacrysts are highpressure "phenocrysts," so that the
megacryst-host pair represents partitioning athigh pressures, the similarity
of liquid L2 to MORB suggests that the
Circe clinopyroxene was equilibrated
with a MORB-like liquid at high pressures, either as a cumulate phase or as a
phase in the residue. However, as shown
in Fig. 57. the clinopyroxene shows a
small but real negative Eu anomaly,
suggesting equilibration with plagioclase. The presence of modal plagioclase
in the Circe lherzolite indicates a pressure of formation of less than 10 kb
i Green and Hibberson, 1970).

the phenocryst-matrix pairs (Schnetzler
and Philpotts, 1968; Onuma et al., 1968),
particularly for the light REE, but close
to those recently observed for the megacryst-host pairs (Frey, 1974). He suggested that for the light REE, clinopyroxene-liquid partition coefficients
may be much smaller in the mantle than
at lower pressures (in the crust) where
phenocrysts crystallize.
The above interpretation is plausible
if the megacryst-host pair really represents an equilibrium at high pressures.
If this is not the case, the strong depletion in the light REE must be interpreted in some other way. In general, a
light REE depletion is what one would
expect in a residue left after partial
melting of a primary material with
chondritic REE pattern. This is mainly
caused by the fact that DCe /DYb < 1 for
the phases involved in partial melting.
However, the DCe /DYh observed in
pairs (D(JL/Z)Yh =
phenocryst-matrix
0.4)
is too large to create a residue with
the observed Ce/Yb of 0.007 by a single
or batch melting process. Gast (1968)
suggested that fractional melting would
be particularly effective in fractionating
trace element ratios in solid residua. His
calculations actually showed that La/Yb
in a residual solid decreased by a factor
of about 10 after several stages of fractional melting. The strong light REE
depletion observed in pyroxene from the
Circe lherzolite is thus consistent, at
least qualitatively, with the lherzolite
being
melting.a residue left after fractional

As shown in Fig. 57, the REE pattern
of this clinopyroxene is strikingly similar to that of a diopside separated from
a primary peridotite of the Lizard hightemperature intrusion (Frey, 1969).
Instead of estimating the liquid pattern
by using the partition coefficients as
- done above, Frey (1969) calculated
the partition coefficients of REE for
diopside, assuming an equilibrium relationship between the primary peridotite
and a MORB-type liquid. He obtained
values different from those reported for

Except for Ce, the whole-rock REE
concentrations are about a factor of 6-10
lower than clinopyroxene (Fig. 57) and
are accounted for by 10-15^ clinopyroxene inthe rock. The enrichment of
Ce relative to other REE may be attributed to alteration, as Frey et al. (1973)
suggested the possibility of the light
REE enrichment in some basalts being
caused by alteration.
An important point in the whole-rock
REE pattern is the presence of a positive Eu anomaly. This suggests that
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plagioclase is one of the primary phases
in the rock and not a mineral formed
secondarily in a closed system. If the
rock is a cumulate, then plagioclase
should be a phase crystallized from a
melt together with olivine and pyroxenes; ifthe rock is a residue, then plagioclase should be a phase left behind
melting.
In Fig. 57, the REE pattern of the
Circe lherzolite is compared with a
peridotite mylonite from St. Paul's
Rocks reported by Frey (1970), who
suggested, on the basis of the light REEenriched pattern, that the peridotite
formed as a cumulate from alkalic basalt
magma. Although the mineralogy and
the major element composition of the
Circe lherzolite are similar to those of
peridotites from St. Paul's Rocks (Engel
and Fisher, 1969), the contrasting REE
data strongly suggest quite different
origins for these oceanic ultramafic
rocks.
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The Geochemistry and Evolution
of Early Precambrian Mantle
S. R. Hart and C. Brooks

The geochemistry of the earth's man-
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tle can be studied by looking at the geochemistry of igneous products derived
from the mantle. The evolution of the
mantle can be studied by looking at these
igneous products back through time in
the geologic record. Some materials are
better suited for these studies than
others. Volcanic materials, especially
basalts which are erupted in the oceans
and in many island arcs, appear least
likely to be affected by contamination
processes associated with intrusion and
differentiation in a sialic crust.
The isotopic record of the mantle can
be read more or less directly from such
volcanic rocks, since isotopic patterns
are unaffected by partial melting and
fractional crystallization processes.
However, the major and trace element
chemistry of the mantle must be interpreted, using an understanding of how
elements partition between silicate
crystals and melt. The present Annual
Report contains several studies that
attempt to define these partition factors
as a function of various geologic conditions.
While there is a reasonably comprehensive body of knowledge regarding the
present geochemistry of the mantle, the
situation in the older parts of the geologic record is far Less satisfactory.
Several years ago (Year Book 68) we
started a program of study of Archean
volcanic rocks in an attempt to gain
some knowledge of earth's mantle at one
point in time, about 2.7 billion years ago.
A large number of mafic volcanics were
analyzed for major and trace elements
and strontium isotope ratios. The rocks
appeared to represent a tectonic environment similar to that of an island arc,
and the measurements suggested that
earth's mantle may have been richer in
certain trace elements, such as cesium,
2.7 b.y. ago. The isotopic data also supported the idea that the mantle was
chemically heterogeneous in the past
and has not evolved as a closed system.
Because of the metamorphosed nature
of most Archean volcanic rocks, any
geochemical conclusions derived from
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such rocks must be treated with con- ever, the A1203 contents in the phenosiderable caution. In recent years, how- crystic pyroxenes tend to be significantly
ever, occurrences of ultramafic rocks higher (3-8*7 ).
have been reported in association with The initial strontium isotope ratios of ■
the Archean volcanic belts, and many the Archean pyroxenes (Table 6) show a
of these contain relict primary minerals, relatively uniform value of 0.7011.
such as clinopyroxene, which have es- Although the total range in values is
caped the ubiquitous regional metamor- small (0.06%), several of the samples are
phism of these areas. With the advent of analytically different from each other
new low-contamination micro-chemical at the 95% confidence level. This sugtechniques. we thought it possible to gests that the Archean mantle which
purify and analyze small quantities of supplied these magmas was only slightly
such relict minerals and thus to avoid heterogeneous isotopically. In comparthe general concerns in the earlier work ison, our earlier work, using large numarising from metamorphic effects. bers of whole-rock metavolcanics,
We report here the K, Rb, Cs, Sr, and showed an average initial isotope ratio
Ba contents and Sr isotope ratios of somewhat higher (0.7016) but had a
seven clinopyroxenes from three differ- much larger apparent spread in the
ent areas of the Archean shield of Can- values. The earlier data was based on
ada. Two of these areas are in Ontario, much broader geographic coverage, and
just north of the Destor-Porcupine it is possible that further pyroxene analstructural break, and one is in Quebec, yses from other regions may extend the
north of Chibougamau. In all cases, the limited range shown in Table 6. We suspyroxenes occur in cumulate pyroxenite pect at the moment, however, that the
layers or segregations in thick ultra- large spread found earlier is due to
mafic flows and sills. The data are pre- chemical changes induced during metasented in Table 6. Microprobe analysis morphism and/or during subsequent
of the pyroxenes shows that they are surface weathering,
diopsides with the following total range The average Sr87/Sr86 value of 0.7011
of compositions: Wo, 38-439r; En, 46- (Table 6) may be used to evaluate var52%; Fs, 7-14r;; A1203, 1.0-2.5%; Na20, ious models for the Rb/Sr evolution of
0.11-0.34%; and Cr203, 0.1-1.2%. In the mantle with time. At present the
composition, these pyroxenes are simi- earth's mantle is isotopically heterolar to pyroxenes found as rare pheno- geneous, with Sr87/Sr86 values domicrysts in modern ocean ridge tholeiites nantly in the range 0.702-0.703 (spreadand in oceanic ultramafic rocks; how- ing ridge basalts) to 0.703-0.705 (oceanicTABLE 6. Trace Element Contents and Sr Isotope Ratios of Archean Clinopyroxenes
Sample No.
Dl
D2
\V1
W2
W3
W4
01
Average

K (ppm)

Sr(ppm)

K/Rb

K/Cs

K/Ba

14.8
35.5
21.2
16.6
5.2
10.1
7.4

13.1
13.1
3.6
11.1
12.2
12.8
20.0
12.3

400
900
240
430

1800

14.2
19.1

15.8

360
450
320
440

3350
1880
2900
950
1340
1330
1940

10.9
18.9
11.2
19.3
11.5
15.0

Sr»VSr86 (initial)
0.70105±10
0.70127±14
0.70131±18
0.70092±15
0.70102±20
0.70109±11
0.70129 ± 7
0.70114

Locations = D, Dundonald Township, Ontario; W, Warden Township, Ontario: O, Opimiska Township,

Quebec.

3 VSr" ratios are corrected for an age of 2.7 billion years and are relative to 0.70800 for E and A
standard; errors are 95% confidence limits.
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island and island-arc basalts). If the age values
for modern
island-arc
earth started with a strontium of "pri- tholeiites for comparison.
mordial" composition similar to that The hypothetical liquid composition
(0.6988- appears anomalous in several respects.
from meteorites
determined
0.6990) and the mantle evolved as a First, the abundance of K (and Rb, Cs,
closed system
(or infinite reservoir) and Ba) seems unrealistically high, conwith regions of constant Rb/Sr ratio, sidering the overall mafic-to-ultramafic
then linear growth lines through the nature of the units from which the pyArchean pyroxene data would extrapo- roxenes crystallized. Second, these elelate to a present range of Sr87/Sr86 of ments appear unusually abundant rela0.7036-0.7051. Thus the mantle regions tive to Sr. For example, K/Sr ratios of
which are currently the source of some normal mafic igneous rocks generally
oceanic-island and island-arc magmas fall in the range 10-20, and hardly ever
(Sr87/Sr86 > 0.7036) could have evolved reach values as high as 60 (as calculated
as a closed system throughout the his- for the hypothetical liquid). This sugtory of the earth. However, any regions gests that either the K, Rb, Cs, and Ba
with present Sr87/Sr86 < 0.7036 must contents of the Archean pyroxenes are
have suffered either episodic or contin- too high, perhaps because of minor
uous depletion of Rb relative to Sr. amounts of alteration materials in the
Modern basalts with Sr87/Sr86 less than mineral separates, or that the use of
0.7030 are largely restricted to spread- equilibrium partition coefficients is ining ridges, but we believe our Archean appropriate.
data represent island-arc assemblages. Elsewhere in this Report we have disThe evolution of spreading-ridge basalt cussed finding that many pyroxene
mantle cannot be evaluated fully until phenocrysts do not appear to show equiArchean materials associated with that librium trace element partitioning with
type of mantle have been identified and liquid, probably as a result of kinetic
analyzed. There is, in any event, inde- effects during quenching. Since the
pendent and unequivocal evidence for Archean pyroxenes probably represent
open-system behavior of earth's mantle very fast quenching situations (many of
based on lead isotope data (referenced the flows exhibit spinifex or rapid coolin many papers, starting with Gast, ing textures), it is reasonable to assume
Tilton, and Hedge, 1964).
that trapping of the elements K, Rb, Cs,
Since the pyroxenes from these Ar- and Ba has occurred during quenching,
chean occurrences appear to have Sr is less affected by such non-equilibformed as cumulates, it is reasonable to rium conditions because of its smaller
try to reconstruct the trace element ionic radius and its much larger particharacter of the original magma by ap- tion coefficient.
plying the pyroxene-liquid partition co- We have also noted elsewhere in this
efficients reported elsewhere
in this report that the relative partitioning of
Report (Hart and Brooks, Shimizu). The K, Rb, Cs, and Ba approximates equilibcalculated composition of this magma rium values even though the absolute
is given in Table 7, along with the aver- values
are drastically
affected
by
TABLE 7. Trace Element Contents of Hypothetical Liquid in Equilibrium with Clinopyroxenes.

Crystal/liquid partition coefficient
Hypothetical liquid
Average island-arc tholeiite

K

Sr

0.00195
0.81%
0.30%

1400.089
ppm
300 ppm

K/Rb
0.91
480
600

K/Cs
0.64
3,000
15,000

K/Ba

K/Sr

Sr/Ba

0.95
25
16

0.022
59
10

43
2.5
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quenching effects. Thus the ratios, such Andes have been more exhaustive and
as K Rb. K Cs, and K Ba. calculated definitive than corresponding geochemfor the hypothetical liquid in Table 7, ical studies or geologic mapping. With
may represent reasonable estimates for the development of plate theories for
the magma from which the pyroxenes mountain building, however, has come
crystallized. If this is approximately increasing recognition of the completrue. then it appears that Archean mag- mentary nature of geophysics, geochemmas were similar to modern magmas in istry, and geologic mapping in decitermsofK RbandK Ba; however, they phering the history of orogenic belts,
appear to have distinctly lower K/Cs Earlier attempts to formulate compreratios (by a factor of 5). This supports hensive plate tectonic models for the
the conclusion drawn from our previous evolution of the central Andes (James,
studies of Archean metavolcanics that 1971; Rutland, 1972) were based largely
the Archean mantle may have been en- upon geophysical results and suffered
riched in (^s relative to present-day severely for lack of geologic mapping
mantle. Thus, some form of Cs depletion and the absence of geochemical data.
with time is indicated, and this is com- The geochemical
investigations repatible with the apparent decrease in ported in this paper were undertaken to
Rb Sr ratio with time as suggested by provide new data with which to elucidate
the Sr isotopic data. Further analysis of the geologic and tectonic history of the
Archean pyroxenes from other geogra- central Andes and to provide insight into
phic areas should show how uniform this the petrogenesis of the volcano-plutonic
finding is on a regional scale. Studies complexes of the Andean belt. This work
of Precambrian of other ages can also be is an outgrowth of studies by James
expected to show how this open-system (1971) in which it was shown that Anevolution of the mantle has proceeded on dean evolution can be interpreted within
a temporal basis.
the framework of subduction zone tecinterpret
tonics.mas of By
Reference
the this
volcanic
arc ation,
derive the
frommagthe

Cast. P. w., G. R. Tilton, and C. R. Hedge, Science, oceanic crust of the descending plate or
U5, 1181-1185, 1964.
from adjacent mantle material fluxed
by water sweated
from the oceanic
sediments.
Strontium Isotopic Composition There is general agreement among
and K.Rb.Sr Geochemistry of
manv workers (e.g., Ringwood, 1969;
M ESOZOIC \ olcanic Rocks
Kuno> 1966; Sugimura, 1968; Dickinson,
of the Central Andes
1970; Armstrong,
1971) that magma
genesis in volcanic arc regions is a procDavidE. James, Christopher Brooks, and ess occurring along, or related to, the
ArturoCuyubamba
contact zone between the descending
oceanic lithosphere and the overlying
Introduetio7i
asthenosphere or lithosphere beneath
the volcanic arc. Support for this hyThe Andean
orogen is thought by pothesis comes from positive correlamany proponents of plate theory to be a tions found between the position of the
modern
tectonic analogue to older volcanoes relative to the Benioff zone
mountain belts of the continental mar- and the major element, trace element,
gins. This belief has provided strong and isotopic geochemistry of the volcanic
stimuli!.- (<>v a wide range of geological products. Studies on petrogenesis of
and geophysical Investigations focused volcanic rocks of island arcs (e.g.,
on problems of Andean evolution. His- Pushkar, 1968; Ewart and Stipp, 1968)
torically, geophysical
studies of the indicate that arc magmas exhibit char-
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acteristic chemical and isotopic parameters that distinguish them from those
of oceanic ridges or islands.
Investigations of the past decade have
shown that initial Sr87/Sr86 ratios of
igneous rocks can be used as indicators
of magma petrogenesis and source (e.g.,
Hedge, 1966; Peterman et al, 1967;
Pushkar, 1968; Ewart and Stipp, 1968;
Dickinson, 1970; Kistler and Peterman,
1973). For this reason, we have focused
attention in this paper on strontium isotopic ratios as diagnostic petrogenetic
indicators. Trace element geochemistry
here assumes a supporting role in
placing constraints upon conclusions
drawn from strontium isotopic data.
Previous studies of strontium isotopic
compositions in igneous rocks have indicated that the calc-alkaline andesitic
series (basalts to dacites) of island arcs
characteristically exhibit initial Sr87/
Sr86 ratios near 0.7038 ± .0010 (Dickinson, 1970). These ratios are lower than
those generally observed in crustal rocks
and indicate a mantle source region.
This observation leads to the hypothesis
that most andesitic magmas of the island
arcs originate in the mantle or descending oceanic lithosphere.
This paper considers the isotopic composition and trace element geochemistry
of the volcanic rocks of Mesozoic and
lowermost Tertiary age with a view toward understanding their petrogenesis
in terms of subduction zone tectonics.
Our analyses of Andean volcanic rocks
are compared to those of similar rocks
of the island arcs to ascertain those
genetic similarities or differences that
may exist between the volcanic series of
island and continental arcs.
We consider it convenient to present
our results as two separate studies: one
on Mesozoic volcanics and a second on
the Cenozoic volcanics. Despite the fact
that volcanism in Peru has been episodically continuous from Jurassic time
to the present, we justify separating the
data into two groups by noting that a
major disparity in strontium isotopic
compositions exists between Mesozoic
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and Cenozoic volcanic rocks. The Mesozoic rocks exhibit Sr87/SrM ratios similar to those of island arc assemblages
and thus lend themselves more readily
to interpretation by analogy. The Cenozoic volcanics, on the other hand, display
anomalously high Sr87/Sr86 ratios and
present a separate problem in interpretation (see following section in this
Annual Report).
Physiographic and Geologic Setting
The central Andes of southern Peru
and Bolivia may be divided into three
physiographic and geologic provinces:
the western cordillera, the altiplano, and
the eastern cordillera (Fig. 58). The
western volcanic ranges, trending parallel to the coast and the Peru-Chile
trench, rise to over 5 km in elevation.
They are flanked on the northeast by the
altiplano, a high plateau about 4 km in
elevation, which gives way to the east
to fold mountains more than 5 km in
elevation.
The volcanic rocks analyzed in this
study crop out entirely within and on the
seaward flank of the western cordillera.
It is nonetheless appropriate, as a basis
for later discussion, to outline briefly
the geologic setting of the entire region.
A more complete summary of the geology is given by James (1971). A geologic
sketch map is shown in Fig. 59.
The eastern cordillera is fold mountains consisting predominantly of marine shales, sandstones, and carbonates
of Paleozoic age. These deposits, which
may aggregate 10 to 15 km in thickness,
are folded, weakly metamorphosed, and
intruded locally by granitic rocks of
Mesozoic and Tertiary age. Although
some Permian volcanism occurred in
the eastern ranges (Bellido, 1969), most
of the volcanic and associated hypabyssal rocks of the eastern cordillera are
Tertiary and are exposed on the western
flanks of the mountains.
The altiplano is an intermontane depositional basin underlain by Cretaceous
and Cenozoic continental clastic sediments shed from the adjacent eastern
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and western Cordilleras. The continental sedimentary deposits are intercalated with Tertiary volcanic rocks,
chiefly shoshonitic in composition
(Lefevre, L973). Clastic and volcanic deposits may aggregate as much as 20 km
in the Lake Titicaca region (Newell,
1949; Evemden and others. 1966) and
effectively blanket the pre-Cretaceous
section. If a Paleozoic section comparable to that observed in the eastern
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cordillera underlies the altiplano, the
total sedimentary section could be more
than 30 km thick locally.
The western cordillera consists mostly of volcanic and plutonic rocks of Mesozoic and Cenozoic age and associated
continental sedimentary rocks. Shallowwater marine deposits of Jurassic age
are widespread, and some marine deposition persists into Cretaceous time.
The volcanic crest of the western cor-
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Fig. 58. Sketch map of the central Andes showing eastern cordillera, altiplano, western cordillera, and
Peru-Chile trench. Th<- area of study encompasses the western cordillera of southernmost Peru.
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Fig. 59. Geologic sketch map showing distribution of the principal rock types of the central Andes.

dillera is dominated by andesitic cones
formed in the late Cenozoic. The Andean
granitic batholith of late Mesozoic age
lies exposed on the western flanks of the
cordillera, and Jurassic volcanic rocks
lie exposed along the Pacific coast. Evidence of pre-Mesozoic history in the
region of the western cordillera is found
in the Precambrian gneiss exposed
patchily over broad areas of southernmost Peru (Cobbing and Pitcher, 1972)
and in the 400 m.y. old pink granites
that crop out as isolated bodies in coastal southern Peru.

Volca n ic His tory of th e
Central Andean Are
The birth of the present Andean volcanic arc coincides with the initiation of
underflow of the oceanic Nazca plate
beneath western South America. The
oldest calc-alkaline volcanic rocks of
southern Peru that exhibit close association with subduction zone pedogenesis are dated as lower Jurassic on the
basis of stratigraphic correlations
(Jenks, 1948; Bellido and Guevara, 1963:
Garcia, 1968). These rocks, primarily
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basaltic and andesitic in composition,
crop out along the southern Peruvian
coast and occur as far inland as Arequipa
i see Fig. 60). They aggregate some 900
to 3500 m in thickness (Bellido and
Guevara. L963; Garcia. 1968). From
stratigraphic correlation with adjacent
ssiliferous formation. Jenks (1948)
and Bellido and Guevara 11968) place the
age of these volcanic rocks, the Chocolate formation, at upper Liassic ( ~ 180
m.y.i; Garcia. (1968) noted that in some
instances the Chocolate volcanics appear
to correlate with formations of lower
Liassic age i *- 200 m. v.).
The Chocolate volcanics. both submarine and subaerial in character, represent the initial stage of development of
the Andean are. The rocks are associated
in places with marine elastic sediments
and limestones, suggesting that the
rocks were erupted near sea level in a
coastal area. The widespread distribution of Jurassic marine deposits within
the region of the western eordillera indicates the presence of a shallow sea in
Jurassic time that lay situated in the
area of the present crest of the volcanic
ranges and extended eastward as far as
the eastern eordillera.
Volcanic sequences, chiefly andesitic
in composition (Bellido and Guevara,
1963), occur intercalated with middle
and upper Jurassic marine clastic formations that overlie the Chocolate volcanics, but the only other major Mesozoic volcanic unit in southern Peru is
the Toquepala group of upper Cretaceous-lower Tertiary age (Fig. 60). The
age of this formation, like that of the
Chocolate formation, is based on stratigraphic correlations. The Toquepala
group consists of flows, breccias, and
agglomerates of andesitic to rhyolitic
composition (Bellido and Guevara, 1963).
The volcanic sequences aggregate 100
to 2500 m or more and crop out on the
lower and median western Andean
flank. The Toquepala series represents
a highly differentiated group of volcanics, mostly rhyolitic in composition with
high Rb/Sr ratios. They are distinctly
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more differentiated than most of the
Cenozoic volcanic assemblages that follow.
The Cenozoic volcanics, described in a
following section of this Annual Report,
are principally mid-Miocene and
younger in age. They range in composition from dacitic and rhyolitic ignimbrites to proper andesites. Very few
basalts have been found, and none in
the major Cenozoic formations from
which we have samples. Cenozoic volcanism has followed a pattern of ignimbritic eruptions followed by massive
outpouring of andesitic magmas that
continues to recent time.
A nalytical Procedure
Sample preparation. Five to ten kilograms of each whole rock sample were
crushed and disk milled. The milled
fraction was passed through a divider
in several stages to obtain a 100-gm split
that was pulverized in a tungsten steel
shatter box.
Major element determinations. Approximately 2grams of pulverized
sample were pressed into pellets and the
major elements determined by x-ray
fluorescence (XRF). H20 and C02 contents were determined by gas chromatography. For these measurements,
which have an uncertainty of about 10%,
100 milligram samples were mounted in
aluminum boats and fused at 1060°C for
20 seconds.
Trace element determinations. K, Rb,
Sr, and Ba were determined for all
whole-rock samples by x-ray fluorescence measurements on fused disks.
The XRF analyses were checked for
accuracy against isotope dilution and
have uncertainties estimated at less
than 5% for K, Rb, and Sr and less than
15% for Ba. The sample-to-sample internal consistency is probably better
than these uncertainty figures indicate.
Rb and Sr concentrations in plagioclase separates were determined by
isotope dilution and have uncertainties
of less than 2%.
Strontium
isotopic determinations.
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18* 00'

70° 00
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Fig. 60. Geologic and sample locality map showing exposed volcanic rocks of the Chocolate and Toque71° 00' are indicated by horizontal hatching; Cretaceous (Toquepala formations. Jurassic (Chocolate) volcanics
pala) volcanics are indicated by vertical hatching. The letters PE have
70° 30' been omitted from the sample
locality numbers.

Sr87/Sr86 ratios for whole rock samples were obtained on approximately
100 to 200 mg unspiked splits. Strontium
isotopic ratios for plagioclase separates
were obtained on splits spiked for Rb
and Sr. Plagioclase separates were first

crushed and leached with 2.5 .V HC1 to
dissolve carbonate alteration minerals.
The Sr was separated by the usual solution and ion exchange method and the
isotopic ratios determined using a 6" or
9" single-filament machine operated on-
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the pedogenesis of the Jurassic series.
The late Cretaceous Toquepala group
exhibits a general trend of decreasing
K/Rb with increasing K, implying an
increasing degree of differentiation (see
Fig. 62). This accords with major element chemistry and strontium isotopic
Analytical Results
compositions. The K/Rb ratio between
Measured and initial strontium iso- 300 and 400 is at the high end of the
topic ratios and K. Rb, and Sr concennormal range of values for rocks in this
trations are given in Table S. The anal- composition range (Erlank, 1968).
si - are organized into two groups — the
Potassium concentrations in ToqueJurassic series (Chocolate formation)
pala volcanic rocks are significantly
and the late Cretaceous series (Toquepala group). Within the Jurassic series, greater than those predicted by published K-h relationships. The variation
the analyses are presented in order of
diagram of K20 vs. Si02 shown in Fig.
Increasing alteration (increasing H20
63 represents analyses of Toquepala and
content); within the late Cretaceous
central Peruvian samples. The latter are
series, the analyses are in order of in- included for comparison but have not
creasing Si02.
been included in fitting a straight line
through the points. A straight-line K-h
Potassium, Rubidium, and Strontium
relation (e.g., the Dickinson-Hatherton
The distribution of K and Rb in the relationship) would, on the basis of
samples analyzed is summarized in Figs. these analyses, indicate a depth to the
61 and 62 in the form of K/Rb vs. K Benioff zone of about 200 km, or about
diagrams. Plots in this form are useful 70 km deeper than the present-day
in identifying differentiation trends, depth to the Benioff zone. We do not
for it is known that the K/Rb ratio de- contend, however, that the Benioff zone
creases during magmatic differentiation in the late Cretaceous wras necessarily
i evidence cited in Taylor, 1965).
at a greater depth than it is today; we
As expected from the degree of alter- find it equally plausible that the Toquepala group is simply a highly differentiation apparent in thin section, the Chocated sequence that does not follow the
olate volcanics follow no recognizable
differentiation trend on the K/Rb vs. K usual empirical K-h relationships
established for simple island arcs.
diagram in Fig. 61. The average K/Rb
Nielson
and Stoiber (1973) have shown
ratio is about 250, close to the average of
all igneous rocks. In view of ample evi- recently that potash content is at best
dence of pervasive alteration, the ab- a doubtful quantitative indicator of
sence of a differentiation trend is by no depth of magma generation.
means proof that the rocks are not part
Strontium and Rubidiu m
of a differentiated sequence. It is clear,
however, that the rocks are mainly
A plot of Sr vs. Rb is shown in Fig. 64.
altic in composition and exhibit little Both Jurassic and Cretaceous samples
evidence of a continuous differentiation are plotted, and the latter include three
icnce, though scattered andesites specimens from central Peru that are of
and dacites occur within the assem- roughly late Cretaceous age. The approximate fitfor New Zealand volcanics
blage. The failure of the Jurassic samples to follow a K/Rb vs. K trend is re- studied by Ewart and Stipp (1968) is
peated inother trace element and major shown for comparison. Except for the
element variation diagrams. For this offset of the analyses toward relative
reason, we place little reliance on trace Sr (or Rb) enrichment, the Rb-Sr variation is about the same as that observed
element geoehemistry for understanding
line to a small computer. The Isotopic
ratios given in Table 8 are normalized to
gpsc gpU = 0.1194 and have uncertainties at the 9591 (2a) confidence level of
-than 0.0001.
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Fig. 62. Variation of K Rb and K in late Cretaceous volcanics of southern Peru.

by Ewart and Stipp. The Rb/Sr ratio of
the Toquepala group increases with increasing differentiation. The andesitic
end members of the series contain 400600 ppm Sr, the rhyolitic end members
less than 100 ppm. The silica-rich rocks
of the Chocolate volcanics exhibit similar depletion in Sr and increased Rb/Sr
ratios. Surprisingly, the Rb and Sr concentrations within the Chocolate samples exhibit little variation with mineralogic alteration or Sr87/Sr86 initial
ratios.

Strontiu m Isotopic Ratios
Whole rock and mineral Sr87/Sr86
ratios of the Jurassic volcanic series are
given in Table S and plotted versus Rb
Sr ratios in Fig. 65. The analyses are
grouped according to degree of alteration as measured by H20 content. Figure
66 shows initial Sr87/Sr86 ratios plotted
against H20. The initial ratios are significantly higher for samples with H20
contents greater than 2%. These high
ratios appear to result from alteration.
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Fig. 65. Variation of Sr87/Sr86 as a function of Rb/Sr in Jurassic volcanic rocks of southern Peru.
Solid circles indicate samples with H20 < 2.0%; open circles indicate samples with H20 > 2.0%. Triangles indicate mineral separate, and the solid lines connect whole rock and mineral separate to form a
two-point isochron. Sample numbers are shown in some instances and ages are given for the whole rock
and PE 161 whoie-rock-plagioclase separate isochrons.

possibly by sea water, and are not indicative of the actual initial ratio of the
rock. Petrographic examination reveals
that those specimens highest in H20
also exhibit the most evidence of mineralogic alteration. Accordingly, we place
little reliance on results obtained for
samples with measured H20 contents
greater than 2%.
Excluding PE 161, the comparatively
unaltered samples (solid circles, H20 <
2%) form a whole-rock isochron that
gives an age of about 160 m.y. Plagioclase and other mineral separates form
two-point isochrons with the whole
rocks as shown in Fig. 65 by lines connecting dots and triangles. These isochrons exhibit considerable scatter but
the most reliable of the group, PE 161
and its plagioclase separate, give an age
of about 165 m.y. We do not place much

reliance on the accuracy of the 160-165
m.y. age, but the samples do show some
internal consistency and we are encouraged at least to place a minimum
age of 160 m.y. on the Chocolate formation of coastal southern Peru.
Initial Sr87/Sr86 ratios are given in
Table 8 and are plotted vs. H20 content
in Fig. 66. These ratios are calculated
assuming a 160 m.y. age and using present-day Rb/Sr ratios. With the exception of PE 161, all specimens with measured H20 contents less than 2% have
initial Sr87/Sr86 ratios less than 0.7040.
PE 161 is anomalous. The sample is
among the least altered as determined
petrographically, and its plagioclase
separate is clean, with a measured Sr87/
Sr86 ratio consistent with the calculated
whole rock initial Sr87/Sr86 ratio. We
conclude that the high initial Sr87/Sr86
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TABLE 8. Analytical Data and Initial Sr>: Srs,i Ratios for Jurassic Volcanic Rocks and
Minora! Separates of Southern Peru

SiO,

Sr (ppm)

Rb (ppm)

Sample No.
Ktr;>
Whole Rook.

H/)< 2 0

PEllo
PE114
PE11T
PE 118
PE 120
PE161
Whole Rock,
PE lOt
PE 121 HtO'> 2.0';
PE
PE
PE
PE
PE

156
157
158
159
160

52.0
55.1
51.5
54.6
66.2
~i 7 . ■'•?

53.1
52.0
50.9
53.0
55.6
60.0
60.6

414
.SSI

1.66
0.27
1.88

492

2.70
2.07
1.62

K/Rb

Rb/Sr

(present day)
Sr87/Sr86

Sr87/Sr86

60

2.4;}
1.56
1.52
0.62
3.85
2.28

1.55

K/Sr

593

^
77
99

41
13

108
20
80

26
755
107

468
211
51

297
408
209
257
258
240

203
382
154
310
285
356
437

385
105
65
123
74
50

9
34
74
46

532
179
238

105
68
80

220
280

0.160
0.200
0.170
0.040
2.120
3.380
0.080
0.020
0.260
0.310
0.480
0.290
0.210

330

0.704930±. 000100
0.705110±.000170
0.704830±.000110
0.704030±. 000060
0.717400±. 000080
0.707060±. 000040

0.70393
(initial)*
0.70382

0.704860±. 000100
0.704640±. 000080
0.706930±,000120
0.707100l±i.000110
0.707990± .000090
0.707070|±. 000090
0.705920±. 000170

0.70437
0.70453

0.70376
0.70376
0.70383
0.70463

0.70529
0.70512
0.70493
0.70524
0.70458

Mineral Sep arates
PE 12iplag.)
PEllTi
PEllSi plag.i
PEloSl plag. )
PE160( plag.)
PK 1^1 - plag. )
plag.)
'Calculated for T = 160 m.y.
"From central Peru.

447
1060
707
327
139
444

ratio of this sample cannot be explained
by alteration and must reflect variation
in the isotopic composition of the original ma^ma.
The mean Sr87/Sr88 initial ratio of
those samples showing H20 contents
less than 2% is 0.70396. This ratio is
virtually indistinguishable from 0.7038
found by Dickinson (1970) as the average of 75 comagmatic basalts, andesites,
and dacites from Central America, the
Cascades of North America, the Marianas, Japan, and New Britain. The
intial ratios are lower than those measired by Ewart and Stipp (1968) for New
Zealand basalts, for which they measured an average SrH7/SrHfi ratio of 0.7043.
Whole-rock SrH7/SrHfi ratios of the late
Cretaceous Toquepala group volcanic
serie.- are given in Table 9. A plot of
these ratio- versus Rb/Sr ratios is
shown in Fig. 67. The Toquepala series
forms a convincing and well-defined
whole-rock isochron that indicates an

6
14
37
189
49
5

0.013
0.035
0.020
0.578
0.353
0.011

0.704605±. 000054
0.704257 ±.000043
0.703684±. 000051
0.708701 ±.000078
0.707339 ±.000180
0.704626 ±.0001 10

age for these rocks of about 70 m.y.
The Toquepala volcanic rocks are
highly differentiated, all but two samples having Si02 contents greater than
70%. The Sr concentrations vary from
about 50 ppm for rhyolitic end members to more than 500 ppm for the andesitic end member. The K-Rb variation
discussed above is further evidence of
differentiation. Despite the high degree
of differentiation and the predominance
of rhyolitic end members, the initial
grx7/grK« ratios form a tight cluster
about an average of 0.7042. This value
is characteristic of magmas of the island
arcs that have evolved on primitive
crust (e.g., Pushkar, 1968) and is at the
low end of initial ratios normally measured for island-arc rhyolites and dacites.
The average of the initial ratios is comparable to the 0.7043 measured by Ewart
and Stipp (1968) for New Zealand basalts
and is significantly lower than the mean
value of 0.7054 they observe in rhyolitic
lavas of the same region.
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Discussion and Conclusions

built the volcanic arc. These measurements, however, are confined to late
Cenozoic lavas and ignimbrites, which
Previous published measurements of do indeed exhibit anomalously high
the Sr87/Sr8" initial ratios of volcanic Sr87/Sr8* ratios (see discussion in secrocks of the central Andes (Pichler and
tion that follows). We suggest that it is
Zeil, 1972) have been cited by Pichler necessary to consider all phases of
and Zeil and others as evidence of lower Andean volcanism before undertaking
crustal origin for the magmas that have to interpret measurements of samples
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TABLE 9. Analytical Data and Initial Strontium Isotopic Ratios for Late Cretaceous Volcanic Rocks of
Southern and Central Peru

S .".pie No

SiO.

Ki r; i

Sr (ppm)

Rb(ppm)

K Sr

K/Rb

Toque pa la Group
PE 170
PE 176
PE 177
PE 178
PE 179
PE 180
PE 181

71.8
73.1
64.6
75.0
73.5
7^:;
519

3.63
4.76
4.35
4.10
1.54

159
102
54
410
94
45
555

104
127
142
157
143
137

309
252
883
89
970
437
28

300
323
256
303
304
300
391

39

Central Peru
PE 07
PE08
PE09

4.92
4.09

53.1
53.5
59.7

0.42
1.11
2.48

791
553
430

438

205

101

58

509
259
245

Rb/Sr

1.03
0.78
0.35
2.91
3.15
1.46
0.07
0.01
0.08
0.24

(present
day)
Sr87/Sr86

Sr87/Sr86

0.707380 ±.000078
0.706510±.00OO60
0.705 170 ±.000080
0.711960±. 000160
0.712990±. 000120
0.708120±. 000060
0.704320 ±.000120

(initial)*
0.70454
0.70436
0.70420
0.70393
0.70430

0.704298 ±.000036
0.704276 ±.000059
0.704860±. 000100

0.70427
0.70406

0.70409
0.70412

0.70402

•Calculated for F=69m.y.

from any given volcanic suite or magmatic episode. For this reason, we have
sought to analyze systematically the
trace element and strontium isotonic
composition over the entire age range
of volcanic and plutonic assemblages of
the Andean orogen.
From this study of the volcanic sequences of Mesozoic age, we conclude
the following:
1. The Jurassic volcanic series is
geochemically and isotopically primitive. That is, the lavas are chiefly basaltic and, within the limits of uncertainty
posed by alteration, display K, Rb, and
Sr geochemistry similar to that of basaltic magmas of simple island arcs. Despite evidence of pervasive alteration,
the strontium isotopic composition of
the Jurassic lavas is indistinguishable
from that observed in the rocks of many
island arcs not formed atop sialic crust.
The average initial Sr*7/Sr8H ratio of
".7010 is considered typical of oceanic
island-arc calc-alkaline magmas (e.g.,
Pushkar, 1968; Dickinson, 1970; Donnelly tt <il., 1071).
2. The late Cretaceous Toquepala
volcanics, although
highly differenti: and consisting mainly of rhyolitic
lavas, have a mean Sr87/Sr86 initial
ratio of 0.7012, near the mean of island
arc andesitic magmas. The low isotopic
ratio of the Toquepala lavas is signifi-

cant because the rocks themselves, unlike those of the Jurassic series, could
readily be interpreted as originating by
crustal anatexis. However, the rock of
the Precambrian sialic crust upon which
the late Cretaceous lavas were extruded,
while similar in major element geochemistry, has Sr87/Sr86 ratios that vary
from 0.73 to 0.78 and thus are entirely
excluded even as a source of contaminant of the Toquepala volcanic group.
The Andean volcanic arc has evolved
atop ancient sialic crust, probably Precambrian in age (see Year Book 72).
The complications in interpretation
posed by the degree to which preexisting
sialic crust modifies primitive islandarc type magmatic processes can only
be evaluated by detailed analysis of the
volcanic assemblages. We conclude
from the results presented here that, at
least until earliest Tertiary time, the
volcanic processes that built the Andean
mountain belt are indistinguishable
the world's isthat formed
those
from land
arcs. Implicit
in this statement is
the conclusion that the Mesozoic Andean
arc is the product of subduction zone
tectonics and that the magmas of the
volcanic edifice were derived from partial melting of either the crust of the
descending oceanic plate or the mantle
adjacent to the plate. The weight of the
strontium isotopic evidence appears to
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exclude the possibility of crustal origins
for the Mesozoic lavas of southern Peru.
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Andean Cbnozoic
Magma Genesis in
Strontium Isotopig
and Trace Element

Volcanism:
the Light of
Composition
Geochemistry

David E. James, Christopher Brooks, and
Arturo Cuyubamba

Introduction
Subduction of the oceanic Nazca plate
beneath the western edge of the South
American plate is thought by most proponents ofplate tectonic theory to have
generated the tectonic forces and magmatic activity that have structured the
Andean orogen. By this view, the Cenozoic andesitic magmas of the Andean
stratovolcanoes originate within the
oceanic crust of the descending plate or
within the mantle adjacent to the plate;
accordingly, Andean volcanic rocks
should exhibit chemistry and strontium
isotopic ratios similar to those of island
arc andesites of like origin.
Major and minor element analysis
and isotopic measurements show that
the late Cenozoic volcanics are chemically akin to those of typical island arcs
but exhibit significantly higher Sr87/
Sr86 ratios. It is our intent here to examine the anomalously high isotopic
ratios in the light of trace element geochemistry and to develop from this a
model for the genesis of the Cenozoic
magmas.
Sample localities are shown in Fig. 68.
For the purposes of the discussions that
follow, the samples are classified by
groups: Pliocene-Quaternary andesites
of the stratovolcanoes in the region of
Arequipa (group 1); Pliocene-Quaternary andesites and dacites of the Barroso formation (group 2); PlioceneQuaternary rhyolitic ignimbrites of the
Seneca formation (group 3); and Miocene dacitic ignimbrites of the Huaylillas formation (group 4).
Analytical procedures are as described in the previous section of this
Annual Report. The rocks exhibit no
petrographic evidence of alteration,
and spot analyses for H90 and CO.,
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Fig. 68. Geologic sketch map showing principal Cenozoic volcanic formations and sample localities,
i li Pliocene-Quaternary volcanics of the Barroso group; <2i Pliocene-Quaternary rhyolitic ignimbrites of
the Seneca formation: (3) Miocene-Pliocene dacitic ignimbrites of the Huaylillas formation; (4i nonvolcanic formations.

show that H.,0 content is in all cases less
than 1% and C02 less than 0.05%. The
andesites proper typically contain about
0.3% H20. The samples show no obvious
evidence in thin section of contamination by granitic or metamorphic country
rocks.

subduction of the Nazca plate beneath
western South America. James (1971b)

Geologic Sketch and Tectonic Setting

suggests that during this period of intense magmatic activity, the Andean
crust has nearly doubled in thickness.
By this view, the lavas that lie exposed
at the surface represent only a small
fraction of the total volume of magma
injected into the crust.

The Cenozoic volcanism of the central
Andes is clearly allied to the ongoing

The volcanic rocks sit astride the sialic
crustal complex of the ancient margin
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of the South American continent. Gneisses, intermediate to granitic in composition, with Precambrian Rb-Sr model
ages of 700-2000 m.y. underlie much of
the region of Cenozoic volcanism around
Arequipa and may extend to the southeast beneath the volcanic cover (Cobbing
and Pitcher, 1972). Mesozoic sedimentary and igneous rocks are exposed
throughout the region of Cenozoic volcanism.
We summarize here only the geologic
information of southern Peru that is
pertinent to this study. For a more
complete summary see James (1971b,
with references to previous work). The
geology of the late Cenozoic volcanic
sequences of southern Peru is well summarized byLefevre (1973); the geologic
sketch map shown in Fig. 68 has been
adapted from Lefevre.
Volcanism related to subduction along
the western margin of South America
has been episodically continuous since
Jurassic time. The geology and geochemistry of the Mesozoic volcanic
rocks is described in the previous section of this Annual Report. Between
latest Mesozoic time and Miocene time
there is little evidence of extensive volcanism in southern Peru, although a
few ages within that interval have been
reported (Nobel et al., 1974; Stewart
ettil, 1974).
The massive eruptions of the lavas
and ignimbrites that blanket the crustal
region of the central Andes have occurred largely since Mesozoic time.
Dacitic ignimbrites of the Huaylillas
formation are the oldest of the Cenozoic
volcanics of widespread distribution
(see Fig. 68). These ignimbrites are
generally considered to be upper Miocene to mid-Pliocene in age on the basis
of stratigraphic correlation (Lefevre,
1973; Wilson and Garcia, 1962). Three
samples (PE 54, PE 55, and PE 56)
taken from a single outcrop of consecutively bedded Huaylillas ignimbrites in
a road-cut near Moquegua, however,
yield a whole-rock isochron of 12.5 m.y.
(Fig. 69). This figure fixes the age of the
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Fig. 69. Whole rock Rb/Sr isochron of Huaylillas samples collected from a single outcrop near
Moquegua. Sample numbers are given beside each
2 "->

point.

Huaylillas formation in the region of
Moquegua as middle Miocene. It is appropriate to note, however, that in the
region to the southeast the Huaylillas
ignimbrites are in places intercalated
with flows from the basal section of
the Pliocene-Quaternary Barroso formation (described below). The Huaylillas ignimbrites follow the observed pattern of eastward younging in that their
exposures occur mostly to the west of
the younger Pliocene-Quaternary volcanics. The Seneca ignimbrites (Fig. 68)
are generally considered Pliocene in age
and crop out mostly to the east of the
Huaylillas ignimbrites. The Seneca volcanics are rhyolitic in composition and
distinctly more silicic than those of the
Huaylillas formation.
The upper Pliocene and Quaternary
volcanics almost entirely blanket a vast
region of the high Andes of southern
Peru (see Fig. 68). They are the remains
of a massive outpouring of andesites,
dacites, trachytes, breccias, and an
assortment of minor volcanic assemblages. Peruvian geologists have, for the
purposes of field mapping, classified
most of the volcanic sequences within
the Barrosa group, originally applied
by Wilson and Garcia (1962) to the volcanic rocks of the Barroso cordillera of
southernmost Peru. The Barroso group
was further subdivided by Wilson and
Garcia and later by others into three
units: the Chila volcanics, the Barroso
volcanics, and the Purupurine volcanics,
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in order of decreasing age. These unit
classifications have been applied to the
lavas of t:
;uipa region as well as
to those of the Barroso cordillera far to
thesouthe..
The catch-all application of the Bargroup designation to eneom;
sa
lally all of the Pliocene-Quaternary
rocka - uthern Peru has created considerable confusion in correlation been the various volcanic units. In consequence, the friable, dacitic Barroso
volcanics of the Barroso cordillera bear
little resemblance to the andesites and
ss eiated vitreous trachydacites and
tachylites of the Arequipa region that
are mapped according to the same formational classification. Other dissimilarities in rock type are apparent be-n the Chila vol - of southernmost Peru and the Chila andesites from
the volcanic centers of the Arequipa
region. Accordingly, we have grouped
the Pliocene-Quaternary lavas into the
two separate categories indicated earlier: the Arequipa group, including the
andesitic . J of the Arequipa region
(group 1): and the Barroso volcanics
(group 2) encompassing those volcanic
sequences situated in the region between
the Peruvian border with Chile and the
volcano Ticsani "see Fig. 68). The Barvolcanics consist of the friable,
porphyrytic rocks which characte
the high country of the Barroso cordillera and whose appearance clearly distinguishes them from the rocks of the
Chila. the Tacaza, and other lesser volcanic formations of the region.
.•

■' h- ~ Hi

The analytical data are presented in
Table 10. The samples are grouped as
described in the introduction above.
Groups 1 and 2 form comparatively
homogeneous suites of andesitic and
dacitic volcar and it is the chemical
and isotopic similarities and contra —
between the—
groups that create
the focus of this paper. The ignimbrites
of groups 3 and 4 have not been studied
as systematically as have the lavas of
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groups 1 and 2. The ignimbrites rarely
display consistent geochemical trends,
although the ana - - are not sufficient
to determine whether overall patterns

1st

Isatopk
com]
sit
s Strontium
- " >pic ratios of groups 1 and 2 are
plotted
as histograms in Fi£. 70. The
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Fig. TO. Histograms showing distribution of
measure'". &* " : " r atios in rocks of the Arequipa
g jp 1 ) and Barroso I group 2) volcanic series.

Sr81 "",6 ratios (present-day and initial
ratios are identical in these rocks) are
high in comparision both to the Mesozoic volcanics of southern Peru and to
modern andesitic rocks of normal island
- Sr" Sr* ratios within the group 1
i Arequipa) andesites range from 0.7066
to ( 1 79; within group 2 (Barroso)
values range from 0.7053 to 0.7067.
The isotopic ratios within each group
exhibit no systematic geographic variation such as noted for Mesozoic granitic
rocks of central California (e.g., Kistier
and Peterman, 1973). Indeed, among the
Barroso volcanics, the sample with the
lowest observed Sr" Sr11 ratio *
and another with one of the highest
measured rat: a 7064) were obtained
from two adjacent flows exposed in the
same outcrop. It is important to r. U
however, that in gross aspect there is a
significant
geographic
variation
in

: '

*2

DEPARTMENT

OF
TABLE

TERRESTRIAL

MAGNETISM

10. Analytical Data for Late Cenozoic Volcanic Rocks of Southern Peru
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isotopk ratio passing northwest-south- (group 4) have ratios that lie between
east from the Barroso series to the Are- 0.706 and 0.707. A group of three samples from a series of ashflows in the
quipa series.
same
outcrop forms a clear isochron
The strontium isotopic composition of
the Barroso and Arequipa volcanics that fixes the age of these Huaylillas
differ significantly from one another. flows at 12.5 m.y. (see above) and indicates an initial ratio of 0.7062.
Although there is a very slight overlap
in the isotopic ratios, the average of the
Trace element variations. The Sr87/
Barroso group is about 0.0015 lower Sr86 ratios of the Arequipa and Barroso
that that oi the Arequipa group. As we volcanics (groups 1 and 2) vary systematically with Rb Sr ratios within each
shall demonstrate below, this gross difference cannot be explained by variation group (Fig. 71). Both groups of data
in rock chemistry, although the isotopic define a clear, though poorly defined,
variation within a given group corre- apparent isochron of about 380 m.y. The
lates closely with trace element geo- initial ratios indicated by the 380 m.y.
isochron are 0.7064 and 0.7044 for the
chemistry.
The ignimbrites of groups 3 and 4 Arequipa and Barroso volcanics, respecshow little systematic variation in their
tively. This correlation between Sr87/
Sr81 Sr* ratios. The Seneca rhyolitic Sr86 and Rb Sr to produce an apparent
ignimbrites (group 3) are consistently isochron of 380 m.y. may represent (a)
high, around 0.70S5, while the dacitic inhomogeneity in the magma source
ignimbrites of the Huaylillas formation region or (b) contamination of homogeo
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(group 1) are given as solid dots: the Arequipa volcanics (group 2), as open circles.

Barroso samples increase with decreass6'
ing Sr, reaching a value of about 0.7067
at - 530 ppm Sr. The discontinuity in
Sr87/Sr86 ratios at about 650 ppm Sr, in
passing from the Arequipa to Barroso
volcanics, is more than 0.002.
Kistler and Peterman (1973) attach
considerable importance to the correlation between a paramenter k [K20/
K20 - Xa2Oi] and the initial strontium
isotopic ratio. In general they find that
for increasing k (more highly differSr"a
initial Sr'"
the specific
entiated fractions)
ratio increases.
For the
case of
U. 1 U3

-o\

0.708

0

0.707

4

0.706

-.-

-:■:

0.705
20C

sec

■:: :

A
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Fig. 73. Variation of SrST/Sr*6 versus Sr for
groups 1 and 2. The two groups define roughly
linear trends indicated by the straight dashed
lines.
The lines
Sr'" Sr*
axis Srand=
Oi
at about
0.711intercept
for the the
Arequipa
volcanics
0.715 for the Barroso volcanics.
.-

neous magma by crustal or upper mantle rocks. To examine these hypotheses,
it is necessary to consider the principal
features of the trace element geochemistry in relation to strontium isotopic
compositions.
We have plotted Rb versus Sr in Fig.
72 for the Barroso and Arequipa volcanics. The data of these two groups
comprise a continuous series with only
slight overlap of the groups. The Barroso volcanics appear as a more highly
differentiated group, with higher Rb
and lower Sr concentrations, than the
Arequipa volcanics. Several of the Arequipa analyses cluster away from the
main data trend and form a field with
higher Rb/Sr ratios.
The continuity and slight overlap in
the Rb-Sr plot suggest a degree of chemical homogeneity between the Arequipa
and Barroso volcanics that is not supported by the strontium isotopic data.
In Fig. 73 we plot Sr vs. Sr87/Sr-6. Both
the Arequipa and Barroso volcanics
exhibit a clear correlation between
strontium and Sr87/Sr86 ratio, but the
two groups do not form a continuous
series. The Arequipa volcanics exhibit
a Sr87/Sr8* ratio of about 0.7070 at 850
ppm Sr. This ratio increases with decreasing Sr to about 0.7078 at 650 ppm
Sr. At that Sr value are found the lowest
isotopic ratios of the Barroso volcanics,
about 0.7054. The isotopic ratios of the
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Fig. 74. Variation of Sr>: Sr86 and fc[K20/(K20
Na.Oi] for samples oi groups 1 and 2. Both
groups lie wholly within the range of k for oceanic
tholeiites and alkali basalts. Solid lines are best
eyeball fits through the data points of groups 1
and 2.

group of Mesozoic granitic rocks of
California they find that A' =0.40 represents a crude discontinuity above which
initial strontium isotopic ratios are
greater than 0.7060 and below which
they are less than 0.7060. The Andean
volcanics do exhibit a slight trend of
increasing Sr87/Sr8H ratio with increasing k as shown in Fig. 74, but there are
no discontinuities in the trend as observed for the California granitic rocks.
Rather, the Arequipa and Barroso volcanics form two separate but parallel
trends offset by a difference in Sr87/Sr86
of about 0.001-0.002. The k values for
both series are entirely within the range
defined by Peterman and Hedge (1971)
for oceanic island tholeiitic and alkaline
basalts.
Rb/Sr ratios are plotted against Rb in
F'ig. 1075.andThethatfield
initial
Sr87/Sr8*
0.70
for for
initial
ratios
> 0.7040<
reported by Kistler and Peterman (1973)
for Mesozoic granitic rocks of central
California are shown for comparison.
Also shown for comparison are the
averages for oceanic tholeiites and alkali
''k-alts i adapted from Kistler and Peterman, 11)73, as calculated from data by
Hart et a/., 1970). The Arequipa volcanics lie within the range of initial
Srn7/Sr"f' found for California rocks
and are not far removed from the
oceanic island alkali basalt values. The

O.IOO0.050
40

60
80
Rb ( ppm)

100

Fig. 75. Variation of Rb/Sr vs. Rb. Open circles
are for Arequipa group; solid dots represent Barroso volcanics. Dashed field in lower left of diagram represents the range of values found by
Kistler and Peterman for central California granitic rocks with initial Sr87/Sr86 ratios less than
0.7040; dashed field in upper right of diagram is
for initial ratios > 0.7040 in California granitic
rocks. Solid square labeled AB is average value for
oceanic island alkali basalts (Kistler and Peterman, 1973, taken from data by Hart et a/., 1970).

Barroso volcanics fall at the lower end
of the field of initial ratios > 0.7040
but are not greatly different from the
Arequipa volcanics.
From the trace element variations
and strontium isotopic compositions, we
can generalize the following:
1. The chemical variations within
samples from the Barroso and Arequipa
volcanics are fairly homogeneous, one
group to the other. The geochemical
fields and trend lines tend to be either
continuous with little overlap (e.g., RbSr variation), overlapping (e.g., k values,
K/Rb vs. K, major element Si02 variation diagrams [not shown]), or, if plotted
versus Sr87/Sr86, parallel to one another
Sr vs. Sr87/Sr8«).
k vs. Sr87/Sr8<\
(e.g., Barroso
The
volcanics appear to be
slightly more differentiated than the
Arequipa volcanics as evidenced by
their slightly higher Rb and K, and
lower Sr and K/Rb ratios.
2. Although
the Barroso
volcanics
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are more differentiated than the Arequipa group, the Sr87/Sr8tt ratios of the
Barroso group are nearly 0.002 lower.
3. The trace element chemistry of the
Arequipa series is roughly compatible
with an extension of the oceanic tholeiite-alkali basalt fields and lies within
the range of Sierra rocks with initial
ratios less than 0.7040.
Discussion and Conclusions
In deciphering the origin and history
of the magmatic processes that culminate in volcanic eruption, the many
barely separable factors pose a fundamental challenge to interpretation. The
Cenozoic volcanic rocks of southern
Peru exhibit obvious geochemical characteristics that offer clues, some quite
obscure, to the petrogenesis of the magmas. We shall attempt here to consider
the alternative origins and evolution
histories of the magmas in the light of
the data presented above.
In previous Annual Reports we have
expressed the view that Cenozoic Andean volcanism is produced by subduction zone processes like those of the
island arcs. By this model, which excludes the effects of crustal contamination, the magmas of the Andean arc

m

CM

should resemble in most important
aspects those of the island arcs. We
have reported in a previous section of
this Report that the Mesozoic magmas
of the Andean arc conform to the simple
island-arc model. The major element
and trace element geochemistry of Andean andesites shows them to be comfortably within the range of composition of the island-arc calc-alkaline
series. Only the high Sr87/SrHfi ratios
remain an enigma, and it is to an explanation of this observation that we
turn our attention.
Crustal contamination. We consider
first the possibility that the Andean
magmas originated near the Benioff
zone with initial ratios near 0.7040 and
were altered isotopically by contamination by rocks of the ancient sialic crust.
Cobbing and Pitcher (1972) hypothesize
that the sialic basement of the Andean
arc in Peru is composed largely of a Precambrian gneiss complex; small exposures of the gneiss were mapped along
the coast of southern Peru as far inland
as Arequipa. This gneissic complex is
the obvious candidate as a source of
upper level contamination.
Measured Sr87/Sr86 ratios of the Peruvian basement gneiss are plotted versus
Rb/Sr ratios in Fig. 76. The numbers

00

o

to

00

tO

Fig. 76. Sr87/Sr86 plotted versus Rb/Sr for Precambrian gneiss. Numbers beside each point are model
ages in billions of years assuming initial ratios of 0.710.
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adjacent to each point are Rb-Sr model
ages, assuming an initial Sr87 Sr86 ratio
equal to 0.710. Present-day isotopie
ratios range in value from 0.73 to 0.77;
the isotopie compositions, together with
trace element geochemistry, are given
in Table 11. It is clear from Figs. 71, 73,
74. and 76 that the geochemical variables measured for the andesites and
dacites do not form trend lines continuous with the gneisses. Continuous
trend lines should be apparent if the
high Srv" Sr86 ratios have been produced
by assimilation of gneissic material.
This is because the high Sr concentrations i- 850 ppm) of the andesites effectively buffer the magma against isotopie contamination by small amounts
<>f gneissic material with Sr concentrations of about 100 ppm. Thus, to raise
the Sr87/Sr86 ratio of the Arequipa magmas from 0.704 to 0.707 by upper level
assimilation of gneiss would require
that about 40^ of the final magma consist of contaminating material. This is
precluded by the magma's major element and trace element geochemistry.
That a widespread source more radiogenic than the gneiss could exist in the
old Andean crust appears even less
probable. We are led by these considerations to conclude that the Cenozoic
magmas cannot have originated as
melts with strontium isotopie ratios
around 0.7040.
We do not wish to exclude the possibility that small-scale contamination is
a cause of chemical and isotopie variation within the rocks of a single group.
The fact that both the Arequipa and
Barroso series exhibit isotopie ratios
that define isochrons of 380 m.y. is
highly suggestive of contamination by
older materials. Granting this, we can
place some rigorous constraints on the
nature of the contaminating rocks. The
variation of Sr*7/SrHfi versus Sr shown
in Fig. 73 shows that the intercept
Sr = 0 ppm requires that the Sr*7/SrXfi of
the contaminating material for the
Barroso volcanics be less than 0.715, and
for the Arequipa volcanics, less than
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0.711. Similarly, the variation in k
values (Fig. 74) suggests that the SrS7/
Sr86 ratio of assimilated material cannot assume large values for any reasonable value of k. These considerations
again lead to the requirement that very
large amounts of contaminant are required to vary the strontium isotopie
ratio by as much as the 0.001 observed
within the two groups.
The conclusions of the previous paragraph led us to inquire whether or not
the magmas originated by melting of
380 m.y. old material and, hence,
whether the isotopie variations are the
result of actual inhomogeneities in
Rb/Sr ratio in the source region. Such
a source region could, of course, be in
either crust or mantle. We shall return
to the question of mantle sources and
consider for the moment only the question of lower crustal origins as proposed
by Zeil and Pichler (1967), Pichler and
Zeil (1969, 1972a, 1972b, 1972c).
It is not possible to evaluate rigorously the Pichler and Zeil hypothesis;
nonetheless, we do believe that the geophysical data (summarized in James,
1971b) and the geochemical data presented in this paper provide little encouragement for a source region in the
lower crust.
The geophysical data (James, 1971a)
demonstrate that the Andean crust beneath the volcanic arc is nearly 75 km
thick. Yet marine sediments of Cretaceous age, now lofted in some localities to
elevations greater than 5 km, suggest
that crustal thicknesses in the late
Mesozoic could not have been more than
about 35 to 40 km. Structural evidence
suggests that the region of the volcanic
arc has, in the main, been one of tensional rather than compressive stresses
and effectively eliminates the possibility of major crustal foreshortening to
produce a doubling in crustal thickness.
As it is a well-known axiom of logic that
it is not possible to obtain something
from nothing, it follows that massive
volumes of material have been added to
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the crust from beneath the Mohorovicic
discontinuity.
From a geochemical standpoint,
models by which magma is derived from
the lower crust evade the question of the
original site of magma generation: it is
in effect an appeal to a two-stage model
in which magma rises from the mantle
to underplate the crust and is subsequently remelted to supply volcanic
magma to the surface. Aside from this
deficiency, the geochemical data do provide some insight into magma origin.
The absence of any systematic geographic variation in geochemistry or
isotopic composition provides little
support to the hypothesis of a lower
crustal source region. We would expect
inhomogeneities in the lower crust to
have geographic expression of the kind
observed by Kistler and Peterman
(1973) in central California. The different Sr87/Sr86 ratios between the Barroso
and Arequipa volcanics imply source
region inhomogeneity. These differences
further imply varying ages and/or Rb/
Sr ratios of the source material. This
implied variability of lower crustal
rocks brings us squarely to the question
of the origin of the lower crustal rocks
themselves. If the lower crustal rocks
are the source of the Andean magmas,
they must themselves have been derived
by melting of primitive mantle, for their
strontium isotopic ratios are low for
crustal material. We see no rationale for
appealing to such a two-stage model; it
succeeds only in evading the question of
the ultimate origin of the Andean magmas.

Mantle derivation. Opinion diverg
on whether the parent material for
volcanic arc magmas is the crust of the
descending oceanic plate (Green and
Ringwood, 1968) or the mantle above the
descending slab, fluxed by water
sweated from subducted oceanic sediments (Kushiro, this Annual Report).
The bulk of evidence from isotopic and
chemical data has led many investigators to suggest that island-arc andesites
originate by melting of basaltic oceanic
crust contaminated by sediments (e.g.,
Armstrong, 1971). The strontium isotopic data for andesites of the island
arcs support this model.
The high Sr87/Sr8tt ratios of Andean
Cenozoic volcanic rocks have led some
workers to conclude that the magmas
originate in the lower crust rather
than in the mantle or oceanic crust
(Pichler and Zeil, 1969, 1971, 1972a,
1972b, 1972c), but others have concluded
that the high ratios are due to crustal
contamination of a parent magma with
low Sr87/Sr86 ratios (James and Brooks,
1973). Clark et al. (1973) find for northern Chile a uniform increase in Sr87/
Sr86 ratios correlated both with increasing depth to the Benioff zone and with
progressive younging of the volcanoplutonic complexes. They find Sr87/Sr86
ratios varying from 0.703 in the Mesozoic to 0.707 in the late Cenozoic. They
conclude that the magmas originate by
melting of subducted basalts and
oceanic sediments and that by processes
unknown, the Sr87/Sr86 ratios increase
with
increasing depth to the zone of
melting.

TABLE 11. Strontium Isotopic and Trace Element Composition of
Precambrian Gneiss of Coastal Southern Peru
Cr87/Cr86

Sample No.
PE18
PE19
PE37
PE111

Si02(%)

K(%)

Sr(ppm)

64.4
70.4
67.2
68.1

2.33
1.60
2.85

95
164
228
288

3.82

Rb(ppm)
62
118
124

K/Sr
245
98
125
133

"Calculated assuming initial Sr87/Sr86 ratio of 0.710.

K/Rb
265
258
242
308

Rb/Sr
0.971
0.765
0.264
0.962

resentday)
0.7749 ±.00015
0.7424±.00018
0.7324±.00010
0.7379±.00022

Model Age*
1.67
1.06
2.12
0.73

b.y
b.y
b.y
b.v
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We wish to propose that the thick
South American lithosphere plays an
important role in the isotopic variations
that are observed. A central consideration is that the South American lithosphere beneath the Cenozoic volcanic
arc is as much as 200 to 800 km thick
i Sacks. 1971; James. 1971a). Thus, the
oceanic crust of the descending plate
slides along the lower boundary of the
South American lithosphere as shown
in Fig. 77. This differs from the typical
island-arc structures in which a zone
of asthenosphere is sandwiched between
the downgoing plate and the lithosphere
of the overlying island arc. Accordingly,
island-arc magmas are generated within
either the descending oceanic crust or
the contiguous asthenosphere, both of
which have low strontium isotopic
ratios. We expect, therefore, that except
for possible upper level contamination,
island-arc magmas originate entirely
from oceanic crust or mantle asthenosphere.
We have seen from Fig. 77 that the
South American lithospheric plate extends downward to the Benioff zone. It
is therefore possible that part of that
lithosphere melts to provide the andesitic magmas or that magmas sweated
from the descending oceanic crust undergo isotopic equilibration with the
mantle lithosphere on their rise to the
surface. A critical point here is that
continental lithosphere cannot be destroyed; moreover, because it is continually evolving through time, the lithosphere may be inhomogeneous on
almost any scale. This happens because
the lithosphere is rigid and cannot circulate. Thus, present-day Sr87/Sr86
ratios will depend upon the initial ratios
and the Rb/Sr ratios of that region of
the mantle at the time it was frozen into
the South American plate. We expect,
for example, that lower and younger
parts of the continental lithosphere will
have Sr*7/SrHfi ratios close to those of
present-day asthenosphere; older parts
of the lithosphere may have evolved
with quite different strontium isotopic
ratios.
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WTe can examine the implications of
isotopic variations within the lithosphere by considering strontium isotopic evolution in the mantle. Figure
78 shows an evolution line for mantle
strontium, assuming a straight-line
variation between a Sr87/Sr8K ratio of
0.699 4.6 b.y. ago and a present-day
asthenospheric mantle ratio of 0.7026
found for ocean floor basalts. This
change in ratio implies a Rb/Sr ratio of
about 0.02, although ocean floor basalts
commonly have ratios of 0.01 or less
(S. R. Hart, personal communication).
Superimposed upon asthenosphere
mantle evolution in Fig. 78 are two
evolution lines for the Arequipa and
Barroso volcanics. We have assumed
here that the two volcanic sequences
are derived by partial melting of two
homogeneous regions in the South
American lithosphere and that the
minimum Rb/Sr ratio within each
group represents the Rb/Sr ratio of the
source region; the variation in Rb/Sr
ratios can be the result either of assimilation of crustal material or of inhomogeneities in the source region.
Treating first the Arequipa volcanic
series under the assumptions outlined
above, there is a Rb/Sr ratio in the lithosphere source region of ~ 0.55 and a
Sr87/Sr8« ratio of 0.7070. If the isotopic
evolution is considered in the context
of a simple two-stage model, the source
region has an age of 3.2 b.y. (see Fig. 78).
This age is close to the age of the oldest
known continental rocks and implies
that the magmas have been tapped from
a region of the lithosphere formed during the early stages of crustal formation
and differentiation of the earth.
The Barroso volcanics do not lend
themselves to such a felicitous model.
In part, this may be because the rocks
form a more highly differentiated series,
and the Rb/Sr ratios are thus higher
and more dispersed than those of the
Arequipa group. In spite of their more
evolved appearance, the rocks have
SrH7/Sr8'; ratios significantly lower than
those of the Arequipa series. We assume
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the data are not yet sufficient to permit
speculation on any but the most unlabored models, and we prefer now to
offer no solution to this problem.

0.708

; ^\—

33

INSTITUTION

Sum mar ij

0.70- -

; ^02-

0.700-

4.0

3.0
2.0
TIME (b.y.)

Fin. 78. Variation of mantle Sr8T/Sr86 as a function of time. Solid line is for homogeneous mantle
supplying ocean ridge basalts. Ratio 4.6 b.y. ago
is assumed to be 0.7026, based on average oceanic
ridge basalts. Dashed lines represent second-stage
lithospheric mantle evolutionary trends based
upon observed Sr8:/Sr^ and Rb/Sr ratios. The
mantle from which these rocks were derived is
assumed to have evolved along the dashed lines
shown.

for the source region a Rb/Sr ratio of
0.07 and a Sr87/Sr88 ratio of 0.7053 (the
lowest values observed). On the basis
of these figures we obtain an age of 1.25
b.y. for the source region. We attach
little significance at present to this age,
for the Rb/Sr ratios vary widely and
lower ratios may yet be found. Accordingly, we await further collection and
analysis before settling on Rb/Sr and
Sr^7/SrHfi ratios for the source region.
We have considered the possiblity
that the 380 m.y. isochron is a consequence of inhomogeneities in the source
region. This does not necessarily imply
an isochron of 380 m.y. for the source
region, since partitioning between melt
and residue for Rb and Sr may be different. It docs show, however, that gross
inhomogeneities between the two regions must exist by reason of the different initial ratios implied by the isochron;
varying partitioning of Rb and Sr can
produce a false isochron but it cannot
alter the initial ratio. Thus, it still remains to account for the regional inhomogeneities implied by the disparate
Sr87/SrM initial ratios. We believe that

1. The trace element and strontium
isotopic compositions preclude the possibility that the gross disparities in the
Sr87/Sr86 ratios between the two volcanic series are caused by varying degrees of contamination of a single parent magma.
2. The magmas do not originate by
melting of crustal rocks, but the geochemical trends within a given volcanic
sequence may be caused by assimilation
of older sialic crustal rocks.
3. The failure of crustal contamination to account for the Sr87/Sr88 differences between the Arequipa and Barroso volcanics implies inhomogeneity in
the source magmas.
4. Variation in age and Rb/Sr ratios
of mantle rocks comprising the thick
South American lithosphere may exdisparate Sr87/Sr8('
plain the widely
ratios observed.
Thus, isotopic variation
may result by melting of an inhomogeneous lithosphere or by isotopic equilibration of a homogeneous magma with
a grossly inhomogeneous mantle. This
conclusion implies lithosphere ages
the Arequipa region of about
3beneath
b.y.
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Age of the Granulite-Facies
Metamorphism of the
Wilmington Complex,
Delaware-Pennsylvanian
Piedmont
B. Grauert and M. E. Wagner*

In the Wilmington crystalline complex, which is part of the northern Piedmont and which extends from northeastern Maryland through Delaware
into southeastern Pennsylvania, the
granulite-facies metamorphism was
supposed to be the result of the Appalachian Revolution (Ward, 1959). Ward's
supposition is based essentially on
structural considerations and tentative
lithostratigraphic correlations. A geochronologic test seemed of interest for
*Department of Geology, University of Pennsylvania, Philadelphia, Pa.

two reasons, (1) because the northern
<*<
end of the Wilmington Corn pi ex (see
Fig. 80 of the companion report by
Grauert, Wagner, and Crawford) is only
about eight kilometers distant from
another granulite-facies area in the
Baltimore Gneiss of the West Chester
Prong (Wagner, 1972; Wagner and
Crawford, 1973) whose rocks have a
proven age of about one billion years
(Tilton et a/., 1960; Grauert et ul, 1973;
Grauert, Wagner, and Crawford, this
Report), and (2) because up to now no
geochronologic data have been published
that could directly prove the existence
and importance of the Taconic metamorphism in the Maryland, Delaware, and
Pennsylvanian Piedmont.
According to Ward (1959), the crystalline complex consists of banded gneiss,
granite (Arden granite), amphibolite,
and gabbro, with the banded gneiss
being the major rock type and covering
more than half of the presently exposed
rocks (cf. Ward, 1959, plate 1). The
banded gneiss, from which the zircon
population analyzed was separated, is a
dark, massive rock with alternating
mafic and felsic bands. Ward suggests
that the felsic portion of the gneiss appears to have intruded and replaced the
mafic bands, but the origin of the rock is
not clear. The most likely possibilities
(Ward, 1959) are that the banded gneiss
originally consisted of (1) a stratiform
gabbroic body, (2) a series of sedimentary rocks, (3) a series of basaltic lavas or
tuffs, or (4) a plutonic gabbro body.
The zircon sample wras separated from
a very fresh, blasted block of felsic
material of the banded gneiss, roughly
from the center of the region of highest
metamorphic grade. The exact location is
a road-cut of a driveway at Talley Road
(Wilmington North quadrangle, Delaware-Pennsylvania, 4402750N/454250E
1000-meter grid).
The clear, brilliant grains are
rounded, oval, or irregularly shaped.
Crystal faces, if present, are poorly
developed. The population appears fairly
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homogeneous in color, which is a very suggested (o^ the Ordovician-Silurian
Thus, the granulite-facies
pale pink, and shows morphologic sim- boundary.
ilarities to zircon o( other granulite metamorphism is likely to be ascribed
areas, such as the Baltimore Gneiss of to the Taconic orogeny.
the West Chester Prong (Grauert et <//..
There remains, however, the ques1973), the Lewisian oi the Outer Hebtion of whether secondary, post-Taconic
rides (Pidgeon and Aftalion. 1972), and events
have disturbed and influenced
the Ivrea Zone o( the Alps (Koppel,
the U-Pb systems of the zircons in such
19741.
a2u:Pb/way ; that
on the -,MiPb/L>;!sU versus
U diagram
the original discordant
pattern
was
rotated
and shifted
Pb ' T versus "~Pb/-;:,U diagram
i concordia diagram) in Fig. 79. The data toward younger ages. There is ample
points of the four size fractions (point 1 geochronologic evidence for the existis the smallest one, and point 4, the
ence of an Acadian metamorphism for
coarsest one) fall remarkably well on a the Maryland and Pennsylvanian Piedstraight line which yields a lower intermont, from Rb-Sr mineral ages (Tilton
section with the concordia curve at 441 et ai, 1958; Wetherill et uL, 1966, 1968;
m.y. The ages of the smallest size frac- see also Higgins, 1973, p. 186) as well as
tion may be considered concordant from zircon data (Grauert, 1973a). Also,
within analytical error. Patterns like recent weathering of the rocks may have
that shown in Fig. 79 are characteristic had some influence (Stern et <tl., 1966);
for zircon populations which contain however, we consider radiogenic lead
older inherited zircon components. They loss by continuous diffusion (Tilton,
have been found for paragneisses (Grau- 1960; Wasserburg, 1963) to be negligible,
ert and Arnold, 1968; Pidgeon et ul., based on observations on zircon from
1970) as well as orthogneisses (Grauert the Baltimore Gneiss (Grauert 1972,
and Arnold, 1968; Gulson and Krogh, 1973b) and the low diffusion coefficients
1973; Grauert and Hofmann, 1973). Un- of lead in zircon as experimentally defortunately, they do not allow us to
termined byShestakov (1972).
decide whether the rocks are of igneous
From a comparison with the isotopic
or sedimentary origin. Grauert et <ii
1 1974) and Grauert and Hofmann (1973) data for similar clear, uranium-poor
found examples in which the position of zircon of granulite-facies rocks from the
data points close to the lower concordia West Chester Prong (see the companion
intercept of the best-fit lines is largely report by Grauert, Wagner, and Crawford), we can make an estimate of the
the result of mixing of young, newly
maximal
effect of a possible episodic
grown zircon with a much older inherited component. We therefore assume disturbance of the U-Pb systems during
that the pattern in Fig. 79 is primarily an Acadian event: as similar types of
the result of zircon new growth or over- zircon of the West Chester Prong are
growth (in addition to possible radio- about 10%-30% discordant with respect
genic lead loss) rather than a mere re- to a chord between 450 and 1050 m.y.
tting of U-Pb "clocks" of an old Pre- old, we suppose that a maximal Acadian
cambrian zircon population. As the influence on the zircon of the Wilmington complex is on the same order of
morphology of the zircon grains is similar to the typical morphology of zircon magnitude. This means that the age of
from other granulite areas, it seems the granulite-facies metamorphism is
reasonable to interpret the lowrer inter- probably not higher than 485 m.y. The
section age of the discordia as indicating freshness of the rock and the low uranium concentration (which means low
the time of the granulite-facies metamorphism. The age of about 440 m.y. radiation damage) speak against considerable lead loss by weathering.
agrees well with the age of 435 ± 5 m.y
The analytical data are plotted on a
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0.070

0.55

0.60

of zircon
Fig 79 206pb/238Tj versus 207Pb/235U diagram showing the data points of four size fractions
represent the analytical un cersample WIL-453, the zircon of the "banded gneiss." The parallelograms
x 10- y\ -U/»U = 137.88.
tainTy The constants used areX»U = 1-5513 x lO-y-A-U = 9.8485
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Age and Origin of AmphibouteFacies Rocks of the Avondale
Anticline (Southeastern
Pennsylvania! as Derived from
U-Pb [sotopic Studies on Zircon
H. Grauert, M K. Wagner* and M. L. Crawford^

Studios o( high-grade nun amorphic
basement complexes sometimes raise
the question of whether the rocks are
essentially the result of a "single" metamorphism or whether the basement is
composed of remetamorphosed earlier
basement and cover rocks. A decision
becomes particularly difficult where
nappe transport, tectonic imbrication,
or faulting has destroyed the premetamorphic spatial distribution of the
rocks, so that genetically unrelated
material is now in tectonic contact.
In some cases, detailed U-Pb isotopic
analyses on zircon populations, together
with a close consideration of the morphologic and mineralogic properties of
the zircon grains, can be helpful in solving the problem: If the detrital zircon of
the former cover rocks was derived from
different types of basement rocks, and if
zircon new growth and overgrowth during the final metamorphism is of only
minor importance, then the morphology
and the isotopic pattern of the zircon of
the metasedimentary cover rocks are
likely to reflect the heterogeneous origin
and to contrast with the properties of
cogenetic zircon populations of the basement. Of course, such investigations
have to include analyses on zircon of
more than one rock because the data of
a single population could be misleading
and because not every zircon population
will yield unequivocal results.
Besides the dating of metamorphic
events, the aim of this study has been to
find out whether the Precambrian metamorphics of the West Chester Prong
and the Avondale Anticline in the
Pennsylvania Piedmont (Fig. 80) — collectively termed Baltimore
Gneiss —
"Department of Geology, University of Pennsylvania, Philadelphia, Pennsylvania.
^Department of Geology, Bryn Mawr College,
Bryn Mawr, Pennsylvania.
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belong to the same basement, or whether
they comprise metamorphic units which
were formed during different times.
Tilton et ol. (1970) already found that
zircon from paragneiss in the Baltimore
Gneiss at its type locality in Baltimore,
Maryland, has a distinctly younger age
than do zircons from the gneiss domes.
Tilton et al therefore concluded that a
revision of the geographic extent of the
name "Baltimore Gneiss" may be required. We shall show that the revision
suggested should include also the Baltimore Gneiss of the Pennsylvanian
Piedmont.
In addition to the data already presented in last year's Report (Grauert et
ai, 1973), we analyzed various zircon
fractions of another five rock samples:
three from the West Chester Prong and
two from the Avondale Anticline. The
rock types are listed in Table 12 and the
analytical results are plotted on a 20(iPb/
238-q versus 207Pb/2:$5U diagram in Fig. 81
and on a 20BPb/238U versus U diagram in
Fig. 82. In the diagram, the zircon data
of various Baltimore Gneiss rocks of the
Phoenix and Towson domes, Maryland
Piedmont (Grauert, 1972, 1973, 1974),
are included for comparison.
The concordia diagram in Fig. 81
shows that the data points form a slightly curved, band-like array. Although the
departure of the points from a common
best-fit line is relatively great, the pattern as a whole may be interpreted as
reflecting essentially two periods of
zircon formation and/or recrystallization: a Precambrian (Grenville) period
between about 980 and 1100 m.y ago and
a Paleozoic (Taconic and Acadian) period
between about 450 and 300 m.y. ago. It
must be added, however, that we would
not have given this interpretation from
these data alone, without the knowledge
of the results for zircon populations of
Baltimore Gneiss rocks from Maryland
which show a better linear correlation
of the data points and which strongly
suggest Paleozoic disturbances of the
U-Pb systems (Grauert, 1972, 1973,
1974). The existence of a Taconic meta-
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^\
last year's report (Grauert, Crawford, and Wagner, 1973).
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TABLE 12. Rock Types of Samples
Sample

Rock type

West Chester Prong
WCP-1

Quartzo-feldspathic
granulite

WCP-309
WCP-316
WCP-322
WCP-325

Banded migmatite
Quartzose granulite with
garnet
and
kyanite
Quartzo-feldspathic
granulite
Pyroxene granulite

Boundary between West Chester Prong and Avondale Anticline
WCP-234
Avondale Anticline
AVA-6
AVA-448
AVA-451

Amphibolite
with
and some biotite

quartz

Slightly migmatitic biotitehornblende gneiss
Quartzo-feldspathic gneiss
Calc-silicate rock

morphism in the Wilmington complex,
which is only a few kilometers distant
from the Avondale Anticline (see
Fig. 80) and whose zircon data are' diss
cussed in the companion report
by
Grauert and Wagner, also supports our
assumption of a Taconic influence on
the U-Pb systems in zircon of the West
Chester Prong and the Avondale Anticline.
A closer look at the isotopic data and
optical properties of the zircon fractions
reveals some important differences between the zircon populations of the West
Chester Prong (WCP) and those of the
Avondale Anticline (AVA): (1) WCP:
The morphology and the color are fairly
homogeneous among the individual
zircon grains of the same population.
AVA: The zircon grains of the various
populations display a remarkable heter-

,'
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0.05Fig. 81. 206Pb/23SU versus 207Pb/235U diagram (concordia diagram) showing the analytical data of zircon fractions separated from Baltimore Gneiss rocks of the West Chester Prong (WCP) and the Avondale Anticline (AVA).

ogeneity, which strongly suggests that
the populations are composites of genetically different zircon material, e.g.,
detrital components of different source
rocks. (2) WCP: With the exception of
sample WCP-234, which was collected
at the "boundary" between WCP and
AVA (see Fig. 80), the data points of the
zircon fractions plot in the upper half
of the band-like array on the concordia
diagram. AVA: The data points form
the lower half of the array. (3) WCP:
On the 206Pb/238U versus U diagram
(Fig. 82), the points of zircon fractions
of the individual populations show comparatively low spread. AVA: The points
scatter widely on this diagram but do
not display a systematic
correlation

between U-Pb apparent ages and uranium concentrations as do the zircon
fractions of the Phoenix and Towson
domes.
Although there is some evidence from
microscopic studies that the zircon
populations of the Avondale Anticline
contain variable amounts of zircon that
may have crystallized during Paleozoic
times, possibly in the course of Taconic
and/or Acadian metamorphic events,
the heterogeneous appearance of zircon
samples AVA-6, AVA-448, and AVA451 strongly suggests the presence of
large amounts of inherited material.
From the systematic relationships on
the concordia diagram, this material
must have been derived from 1.0-1.2

L003
DEPARTMENT
!

I

OF
i

TERRESTRIAL

i

+

1

1

1

MAGNETISM
1

1

1

!

I

'

!

1

1

1

1

.

1

1

1

¥

206

0.15-

£>^>

Pb

+ ++ o 0++

23*

+

+

-

+
+

—
■

-

0
0

+
+

■

m

—

+

+

•

0.10-

+

♦

♦

i

i

1

-

•

0

-

_

•

1

1

500

1

1

1

1

1000

1

1

1

1

1

1500

1

1

ppm2000U

ill;

Fig. 82. 206p|3/238u versus U diagram for zircon fractions of the West Chester Prong (open symbols)
and the Avondale Anticline (solid symbols). For symbol identification, see Fig. 81. Analytical data for
zircon of Baltimore Gneiss rocks from the Maryland Piedmont (crosses) are plotted for comparison.

b.y. old parent rocks, though minor
quantities of older zircon also may be
incorporated. This means that the part
of the Avondale Anticline under consideration does not belong to the billionyear-old basement but represents a
younger, independent stratigraphic
unit which presumably overlies the
Grenville basement. The areal extent of
this "unit" in the Appalachian Piedmont
is not yet known, but it is likely that the
Baltimore Gneiss at its type locality has
the same age, and it is possible that the
Wilmington complex is built up of stratigraphically equivalent rocks. The
geologic observations at hand, however,
suggest that these rocks have a higher
age of deposition than those of the Glenarm Series which also disconformably
overlie the Baltimore Gneiss sensv.
stricto.
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Rb-Sr Isotopic Study on Whole
Rocks and Minerals from the
Baltimore Gneiss of the Phoenix
Dome, Baltimore County.
Maryland
B. Grauert

In Year Book 71 (1972) I reported a
U-Pb isotopic study on zircon of the Baltimore Gneiss of the Phoenix gneiss
dome. The zircon samples were separated from five different rock types, all
collected within 130 m from the same
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outcrop at the northern flank of the
Phoenix dome, close to the contact with
the Glenarm Series. From the data plot
on a 206Ph -:;T versus W7Pb 2S5U diagram, it appears that the isotopic patterns o( these zircons reflect essentially
two geologic events: a Precambrian
(Grenville) and an early Paleozoic (Taconic) metamorphism.
In this report I shall present the results o( Rb-Sr isotopic analyses which
iwith three exceptions) were performed
on the same samples used for the zircon
separation. The analyses were made to
obtain additional information about the
history o( the rocks and the response
o^l large and small Rb-Sr systems to
polymetamorphic disturbances. A further point of particular interest was
whether the results of the Rb-Sr analyses would give the same answers as the
U-Pb data on zircon or whether one
method would reflect events not recorded bythe other one.
I shall discuss first the analyses on
large whole-rock samples of various
gneisses, then the results for small
whole-rock slabs of a veined migmatite,
and finally the analyses on minerals
separated from large and small rock
samples.
A nalyses mi Large Whole-Rock Sani])les
(5 kg and larger)
The data of six samples (BAL-2, 3, 4,
5, 8, and 9) are plotted on the 87Sr/8ttSr
versus H7Rb/*HSr diagram in Fig. 83.
They are represented by solid error rectangles. The points do not define a
straight line but fall on or above a 1100
m.y. isochron which has been drawn
for reference (AH7Rb = 1.47 X 10 "y ').
Although I cannot explain the mechanism that caused the scatter of the points,
one may reasonably assume, in accord
with the zircon data of Tilton et al.
(1958, 1970) and Grauert (1972, 1973),
that the isotopic pattern still reflects
the influence of the Grenville orogeny.
YVetherill et al. (1968) analyzed a single gneiss sample with low Rb/Sr ratio
from the same outcrop and included the
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Fig. 83. 87Sr/86Sr versus 87Rb/86Sr plot for large
whole-rock samples (solid symbols) and small
whole-rock slabs of the migmatitic gneiss shown
in Fig. 84. (open symbols). BAL-6 and BAL-7 represent the data points of two comparatively large
leucosomes of about 2 to 3 kg.

result in their isochron plot of Baltimore
Gneiss samples from the Towson and
Woodstock domes that gave an isochron
of 1050 ± 100 m.y. (A87Rb = 1.39 X 10'11
y*1). Although Wetherill et al. do not explain to what geologic process they
ascribe this isochron, the linear data
pattern could be interpreted as indicating an overall isotopic exchange among
the various gneiss domes 1050 m.y. ago.
The new results, however, call into
doubt that the Baltimore Gneiss rocks
of the northern flank of the Phoenix
dome ever took part in such a homogenization of isotopes on a regional scale.
The only alternative explanation consistent with the isochron diagram of
Wetherill et al. is that a post-Grenville,
possibly Taconic, disturbance of the
Rb-Sr systems such as a general rubid-
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Fig. 84. Schematic sketch of sample BAL-1, a veined migmatite consisting of quartzo-feldspathic
leucosomes and dark biotite-plagioclase gneiss (melanosomes). Sample BAL-5c comprises two small
quartz-feldspar lenses which were analyzed separately.

ium loss without isotopic homogenization of strontium, has shifted the data
points variably to the left of an original
1050 m.y. isochron.

Analyses on Mineral Concentrates of
Large and Small Whole-Rock Samples

Fig. 85 shows a 87Sr/8BSr versus 87Rb/
86Sr diagram with the data points of two
Analyses on Melanosomes and
large whole rocks (B20 and BAL-5) and
Leucoso m es ofMig m atites
their minerals. B20 is a coarse-grained
augen gneiss (Hartley augen gneiss)
The data are indicated by open error from the Towson dome, analyzed by
rectangles in Fig. 83. They comprise the Wetherill et al. (1968). BAL-5 is a 30
data points of the neighboring sub- kg sample of a migmatitic biotite gneiss
samples BAL-1A to BAL-1G illustrated showing
blastesis
intense K-feldspar
in Fig. 84 and the points of two com87Sr/86Sr
paratively large leucosome samples,
BAL-6 and BAL-7, which were col- 0.77
'V,
lected about one to two meters apart.
The points appear to cluster in two
0.76
groups, but they neither plot on a Grenville isochron nor define a secondary
B20WR
isochron that could be correlated with a
5-ap
t = 275 m.y.
Taconic or Acadian event. Although the 0.75
pattern suggests that the scatter of
B20PI
points may be at least partly due to
0.74
strontium and/or rubidium migration
5-sph
after the formation of the leucosomes,
the migmatization is most likely of Pre87Rb/86Sr
cambrian age — probably an event in the
course of the Grenville orogeny rather
than the result of a Paleozoic metamorphism. If the migmatization were
Fig.
0.73 l 85. 87Sr/86Sr versus s;Rb/S6Sr plot of the
of Paleozoic age, then a rubidium loss mineral data of sample BAL-5 (solid symbols i. a
or a strontium gain of at least 50%
migmatitic biotite gneiss with intense K-feldspar
by the leucosomes sometime after the blastesis, and of sample B20 (open symbols), a
migmatization would be necessary to coarse-grained augen gneiss from the Towson
dome. The lines represent the extrapolated biotiteobtain the presently observed isotopic whole-rock chords. The data for sample B20 are
taken from Wetherill et al. (1968).
pattern.
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from the Phoenix dome. The biotitewhole-roek chords, extrapolated to the
ordinate axis, are shown by a dashed line
B20 and a solid line for BAL-5. Roth
samples show a similar departure of the
feldspar points: K-feldspar as well as
plagioclase plot above the chords,
whereas apatite and sphene (analyzed
for sample BAL-5 only) fall below them.
This may result from different causes.
such as: 1 1 1 incomplete isotopic exchange
between the mineral phases and/or
isotopic Inhomogeneities within individual mineral grains tas in large porphyroblasts); or (2) a limited range of a
>ndary isotopic exchange in conjunction with inhomogeneous distribution
o( rubidium and strontium in the wholerock sample under consideration (as
found for the layered gneiss described
in the companion report by Grauert
and Hall).
Mineral separation, particularly if
high purity is desired, also can cause
some fractionation among the grains of
a given mineral species: pieces of originally large, well-developed grains and
mica flakes are enriched, whereas grains
showing inclusions and intergrowths
with other minerals are preferentially
eliminated.
In studying the history of metamorphic rocks, it is very important to know
whether a nonlinear data pattern reflects "geologic" errors, such as those
due to delayed closure of the Rb-Sr systems in some minerals as the result of
slow cooling of the terrane, or
whether the nonlinear pattern is merely
the consequence of improper sample
Hon and mineral separation.
Since the data of the veined migmatite sample BAL-1 (Figs. 83 and 84)
suggest that small-scale isotopic homogenization during Paleozoic times did not
eed distances on the order of two
centimeters, it is possible that the scatter of point- in Fig. 85 is due to inhomogeneities of the whole-rock samples with
pect to the distribution of rubidium
and strontium. To test this possibility, I
analyzed the biotite, K-feldspar, plagio-
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clase, and the total rock of two small,
homogeneous-looking hand specimens
(BAL-5 A and BAL-5B). The results are
shown in Fig. 86. Now all mineral points
of one rock sample plot on a straight line
within analytical uncertainty. The data
of BAL-5A and 5B, however, define two
distinctly different, though parallel,
isochrons.
I also analyzed the two tiny quartzfeldspar "lenses" (BAL-5-fl and BAL5-f2) illustrated in Fig. 84. The two data
points do not reflect any post-Grenville
isotopic homogenization, despite a distance between the two samples of only
about one centimeter.
Conclusions
(1) From the results as a whole, it appears that the strontium isotopic patterns of both the large and the small
whole-rock samples reflect essentially a
Precambrian isotopic distribution. (2)
Later thermal events caused strontium
isotopic homogenization only between
adjacent mineral grains and some local
migration of rubidium and/or strontium
but did not achieve isotopic homogenization among adjacent wThole-rock slabs
about two centimeters thick. This is a
87Sr/86Sr
0.77

5A-bi

5B-bi

0.76-

0.75-

0.73

0.74-

Fig. 86. H7Sr/SHSr versus 87Rb/8HSr diagram
Rb/86Sr
showing the mineral data of two small, homogeneous-looking handspecimens (BAL-5A and 5B),
both subsamples of the large sample BAL-5. 5C-fl
and 5C-f2 represent the two small quartz-feldspar
"lenses" shown in Fig. 84.
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remarkable result because from geologic tially on Rb-Sr and K-Ar analyses on
considerations the Baltimore Gneiss is micas, the question arises whether the
thought to have suffered an intense ages below 430 m.y. should also be reinterpreted as cooling ages due to slow
dynamothermal metamorphism during
the formation of the gneiss domes in the post-Taconic uplift.
Rb-Sr analyses on small whole-rock
course of the Taconic orogeny (see Hopsamples
(one kilogram or less) and on
son, 1964).
suites of small, adjacent whole-rock
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the same rocks. Although those results
C. A. Hopson, Geol. Soc. Amer. Bull, 69, 14691474, 1958.
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ocally, such studies appear to offer a
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We shall discuss the results of a RbSr study on small whole-rock samples
Rb-Sr Isotopic Study on Small
and
their minerals from the Manhattan
Whole-Rock Slabs and their
Schist, which is the youngest unit of the
Minerals from the Manhattan
bedrock in the Manhattan Prong, whose
Schist, Manhattan Prong,
metamorphic history is still unsolved.
New York
The Manhattan Schist is an assemB. Grauert andL. M. Hall*
blage of schists, schistose gneisses,
A major problem of Rb-Sr geochrono- amphibolites, and a few interlayered
logic studies on regionally metamormarble beds. It has been subdivided into
phosed rocks is whether one can fix the three members, A, B, and C (Hall, 1968),
time of recrystallization for micas and with member A being the oldest:
mineral isochrons or whether the "ages"
Member A is a mostly fissile sillimanhave to be regarded as the result of
ite-garnet-muscovite-biotite schist inopen-system behavior of the minerals terbedded with calcite marble at the
for Sr sometime after the recrystalliza- base. The unconformity at the base aption, for example, during slow cooling or
pears to be the same as the widespread
moderate reheating. Discrepancies
middle Ordovician unconformity elsebetween mica ages and the probable
where inNew York and New England.
time of the last metamorphic event as
Member B, a dark amphibolite, is not
derived from geological considerations continuous.
have led in some cases to reinterpretaMember C is characterized by garnettion of "metamorphic" ages as "cooling" muscovite-biotite schist or schistose
ages and to correlation of the latter with
The rocks are typically feldsparuplift and erosion of the overlying rocks. gneiss.
rich and commonly contain sillimanite
Since the geochronologic evidence for nodules. Bedding is usually difficult to
the Paleozoic metamorphic history of
distinguish but siliceous beds are promithe Manhattan Prong was based essennent in some places.
An extremely intense deformation
*Department of Geology, University of Massachusetts, Amherst, Massachusetts 01002
and metamorphism and another appar-
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ently loss intense event which transformed the early Paleozoic cover rocks
(Lowerre quartzite, Inwood marble, and
Manhattan Schist) of the Manhattan
Prong are thought to have taken place
during the Taconic and or Acadian
orogenies. Long and Kulp (1962) have
concluded from K-Ar and Rb-Sr age
determinations on biotite, phlogopite,
and muscovite samples from various
rock types that the last metamorphic
event was "a mild pervasive re-heating"
which occurred about 360 m.y. ago, although the ages scatter between 305 ± 7
and more than 400 m.y. (AS7Rb = 1.47 X
10 "y '). The age of the initial metamorphism should be about 460 to 480 m.y.,
but this value is based mainly on geologic considerations and only on a few KAr ages on biotite (Long, 1961). Rb-Sr
isochron ages that could prove the existence of an intense regional metamorphism during Ordovician or Silurian
time are still lacking. On the contrary,
recent Rb-Sr analyses on whole-rock
samples from the Lowerre quartzite by
Spanglet et ul. ( 1974) yielded an isochron
of about 940 m.y., which speaks against
a significant impact of a Taconic metamorphism on the isotopic patterns.
40Ar 3*Ar incremental heating "ages"
on muscovites and biotites from a progressive metamorphic terrane in Dutchess County, New York, yielded K-Ar
and Rb-Sr ages (Long, 1962) that are
similar to those determined in the Manhattan Prong. These data have led Bence
and Rajamani (1972) to interpret the
ages of 435 m.y. and younger as cooling
ages. Bence and Rajamani believe that
these cooling ages reflect continuous
uplift after the Taconic orogeny and
that there was thus no need for a distinct Acadian thermal event.
Samples were collected from two outcrops of Manhattan Schist in southeastern New York — member A, White
Plains quadrangle, and member C,
Mount Vernon quadrangle.
Fig. 87 shows a sketch of sample
MAC-2 from Manhattan Schist member
C. This sample has been analyzed in
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Sketch of sample MAC-2 showing alternate layers of quartz-feldspar gneiss and schistose
garnet-muscovite-biotite gneiss from the Manhattan Schist member C and the dimensions of the
slabs analyzed.

detail. It consists of alternating layers
of quartzo-feldspathic gneiss and schistose-muscovite-biotite gneiss. The material is remarkably fresh. A microscopic
study revealed no postcrystalline deformation. Secondary minerals that
could indicate a slight effect of retrogressive metamorphism are completely
absent, suggesting that water vapor was
very low when the temperature waned.
The isotopic data of the whole-rock
slabs of sample MAC-2 define two distinctly different but parallel isochrons
(Fig. 88), with samples MAC-2A to 2D
plotting within analytical error on the
upper best-fit line, and samples MAC2F to 21, on the lower one. This shows
that strontium isotopic equilibration
among slabs A to D and F to I took place
325.1 ± 6.6 m.y. ago. The point of slab
2E plots between the two isochrons and
appears to represent a zone across
which isotopic exchange was not possible. An alternative explanation would
be that the parts of layers D and F
analyzed were not in the presently observed contact 325 m.y. ago, which
means that a tectonic suture should run
somewhere through slab E.
The age of 325.1 ± 6.6 m.y. is significantly younger than the probable age of
the Taconic orogenic cycle. It is also
younger than the age of the reheating at
about 360 m.y. as suggested by Long and
Kulp (1962). It points to an event during
the Mississippian or around the Devon-
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age of 472 m.y. which is on the same
order of magnitude as the age of an errorchron (485 m.y.) calculated for five
points of large whole-rock samples from
member A of the Manhattan Schist.
Since we are not able to understand
the real meaning of the errorchron and
the 472 m.y. chord in Fig. 88, we may
only tentatively assume that local strontium isotopic homogenization took place
among preexisting metamorphic rocks
at about 325 m.y. In any case, our wholerock data as well as data from the Lowerre quartzite (Spanglet et o.L, 1974)
do not reflect a sharp and distinct event
that could be correlated with a strong
dynamothermal metamorphism during
the Taconic orogeny.
The isotopic data of-2 biotite and feldspar concentrates separated from slabs
MAC-2F and 21 and -3the biotite data of
samples MAC-3D and 3F are indicated
in Fig. 89. In addition, we have plotted
the data of subsamples MAC-24A-f to
2FC-f. The best-fit line to samples
MAC-2F to 21 has been drawn as refer7Sr/86Sr

ian-Mississippian
boundary
in the
course of the Acadian orogeny.
Although the initial 87Sr/86Sr ratios
of about 0.713 to 0.716 are well within
the range found for unmetamorphosed
or slightly metamorphosed sediments,
we assume the best-fit lines to represent
metamorphic isochrons rather than a
primary pattern generated by sedimentary mixing or isotopic homogenization
during diagenesis of the rocks. This assumption is based primarily on the
lithostratigraphic correlations mentioned above, which strongly suggest a
pre-Silurian age of deposition. This interpretation as metamorphic isochron
is also supported by results of Rb-Sr
analyses on large whole-rock samples:
In Fig. 88 we have tentatively drawn a
chord from point S, the center of gravity
of the combined sample MAC-2, to the
points of sample MAC-3, which was
collected from the same outcrop. The
slope of this chord corresponds to an
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ence -isochron and is represented by the
dashed line.
The diagram clearly shews that all
biotite and "feldspar" points depart
from the 325 m.y. whole-rock isochron,
whereas subsamples MAC-2FA to 2FC
still fall on the dashed line. The ages
corresponding to the biotite-whole-rock
chords range from 300 to 309 m.y. (estimated error = ± o' m.y.) and are thus
distinctly lower than 325.1 ± 6.6 m.y.
However, of the two "feldspar" fractions
2F-f and 2F-f2, only 2F-f plots on the
biotite-whole-rock chord.
The diagrams in Figs. 88 and 89 suggest the following conclusions: (1) The
age of the small-scale strontium homogenization among whole-rock slabs is 325
m.y. 1 2) This age is also the minimum
age of a possible large-scale homogenization and (3) the maximum age when
biotite became a closed system. (4) Biotite must have been partly or totally
open to strontium sometime between
325 m.y. and today. However, since the
biotite ages of different slabs as well as
those of different samples all fall within
the relatively short time interval of 315
to 294 m.y., we may tentatively conclude
that the ages indicate approximately the
time when biotite finally became a
closed system to rubidium and strontium.
The fact that after 325 m.y. the isotopic patterns of the whole-rock slabs
remained undisturbed suggests the conclusion that later open-system behavior
of the minerals was restricted to mere
solid diffusion between adjacent mineral
grains.
The age of 325 m.y. can be interpreted
as indicating the time when the rate of
solid diffusion for strontium decreased
significantly, and/or when the fluid
phase disappeared from the intergranular space, thus terminating the easy exchange of strontium over more than
single-grain distance. From the complete absence of secondary minerals
such as chlorite and sericite, it can be
inferred that the amount of the intergranular water vapor must have de-
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creased significantly when the temperature began to wane, whereas water was
undoubtedly present during the progressive phase of the metamorphism.
As the microscopic picture does not
reveal any mineral relics indicative of
higher metamorphic grade, we may
conclude that the minerals observed are
entirely the result of progressive metamorphism and that the age of 325 m.y.
dates the climax of the last metamorphic event. This result is not consistent
with an interpretation that the ages
below 430 m.y. are cooling ages resulting from slow post-Taconic uplift in the
Manhattan Prong. On the contrary, it
shows that the last metamorphic activity is apparently much younger than
previously supposed.
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A Model for Plate Tectonics:
The Degree of Isostatic
Compensation and Spreading
Rates at a Mid-Ocean Ridge
Raymond C. Fletcher

Artyushkov (1973, 1974) presents a
novel scheme for plate tectonics. The
lithosphere is treated as a highly viscous
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fluid layer which floats on an effectively
inviscid asthenosphere. The plates are
not driven by flow in the asthenosphere.
Instead, the dominating nonhydrostatic
stress in the lithosphere is caused by
lateral thickness inhomogeneities, as
typified by a mountain belt with a compensating root. Plate tectonics is the
process tending to even out such inhomogeneities, especially those corresponding tothe mid-ocean ridges. These
consist of a positive surface relief supported by an "anti-root" of less dense,
partially molten asthenosphere. The
thickness inhomogeneity at the ridge is
maintained by a steady-state addition
of new material there. The dynamics of
spreading of thickness inhomogeneities
implies that, except for those of large
horizontal extent, the relief at the surface relative to that at the lithosphereasthenosphere interface does not correspond to isostatic compensation (Artyushkov, 1974).
Artyushkov's development is based on
an analysis in which order-of-magnitude
approximations play a large part. Further, the quantitative illustration of his
conclusions is scanty. I present here
some quantitative results for a simple
model for a mid-ocean ridge. They indicate what values of the physical parameters, in particular the viscosity of the
lithosphere, are required to yield a realistic spreading rate.
The model is illustrated in Fig. 90.
Lithosphere with density p = 3.3 g/cm3
RIDGE
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overlies asthenosphere with slightly
smaller density o, = 3.25 g/cm3 and is
overlain by ocean with density p0 = 1
g/cm:!. Since p > plf the configuration is unstable. In the present version
of the model, following Artyushkov, we
ignore the dissipation caused by flow in
the asthenosphere (viscosity « 10I9-1020
poise), relative to that in the lithosphere
(viscosity > 1022 poise), and treat the
asthenosphere as an inviscid fluid.
First, we consider the flow for a periodic succession of upwarps and downwarps with wavelength L (Fig. 90). The
mean thickness of the lithosphere is H,
and the amplitudes of the relief at the
upper and lower surfaces of the lithosphere are A' and A" , respectively. The
flow in the lithosphere consists of two
components, a bending and a lateral
flow away from the ridges. In the flow,
the amplitude ratio A' /A"
totically toward the value
the asymptotic state, the
nantly a lateral spreading.

tends asymp(A'/A")x . In
flow is domiThe bending

flow due to any deviation D- (A' /A")—
(A' /A")x from the asymptotic state is
rapid relative to the spreading flow, and
the deviation decays with a characteristic time t**.
ic/dt=
te t**
In the asymptotdD
staD/

(1)

dA'/dt=A't*,dA"/dt=A"/t**
(2)
with t* ^>t**. These and later results
were obtained from an approximate
analysis which is strictly valid only
when A' and A" are small relative to
bothL and//.
Figure 91 shows the variation of
(A /A") (curve 2), t*, and t** with wavenumber k = 2 7r /(L/H). The characteristic times are computed using a viscosity 7]= 1022 poise; these are proportional
to the viscosity. Isostatic compensation
corresponds to the value

AESTHENOSPHERE
K

L/2

Fig. 90. Model for mid-ocean ridge. For explanation, see text.

A'M"=(p-p1)/(p-p0)= 0.02174 (3)
The deviation from isostasy becomes
appreciable for A' > 1. A' is less than its
isostatic value, corresponding to a nega-
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from the ridge axis becomes horizontal
and nearly uniform at a distance of L/4
from the ridge axis (Fig. 92). This portion of the flow is "spliced" to the lateral
translation of rigid lithosphere plates of
thickness H, which move away from the
ridge with a spreading velocity U. U will
be taken as the average horizontal velocity in the flow over the cross section at a
distance L/4 from the ridge. The splice
is a vertical geometric surface at which
the fluid lithosphere is "transformed" to
rigid lithosphere. This artifice serves
two purposes. First, it isolates the
spreading flow at the ridge from whatever process occurs at the subduction
zone. Secondly, it limits flow within the
lithosphere to a region of higher temperature and lower viscosity near the
ridge.

Fig. 91. (A). (A'/A")x versus k for: isostatic
compensation (i); viscous layer, a^, = 0 (2); -10
bars (.J); -100 bars U); and -1000 bars (5); and
power-law layer, n = S,axx = - 1000 bars (6).
Fig. 91. (B). r* and t** versus k for the viscous
layer, F xx = 0.

tive free-air anomaly. The characteristic
time t** ranges from 30,000 yr at A* = 2
to less than 100 yr for/c <j0.2. The characteristic time t* is « 2.5 m.y. and
nearly independent of wavelength.
Thus, the asymptotic state is approached rapidly, relative to the time
scale for spreading.
The above flow is not a realistic model
for plate tectonics because the downward flow of the lithosphere occurs by
subduction far from the ridge and because the lithosphere is rigidly translated over a major fraction of the distance between the ridge and the subduction zone. But a steady-state model
for a spreading ridge, incorporating a
part of this flow, may be constructed as
follows (the model is shown in Fig. 90).
The upward and outward flow away

A steady-state model of spreading
is produced by taking into account the
addition of material to the lithosphere.
This may be viewed as taking place by
two processes, the freezing of material
at the lithosphere-asthenosphere interface, and the addition of basalt as dikes,
shallow sills, or flows at or near the
upper surface. The transfer of magma
from sites below the lithosphere to the
upper surface must result in an immediate elastic downwarping and a
rapid viscous bending of the lithosphere
with the characteristic time t**. Thus,

Fig. 92. The velocity field at infinitesimal amplitude for one-quarter wavelength, 0 < x < L/4,
for the aspect ratio L/H = 2ir. The layer has a
power-law rheology with n = 3, and is subject to
-100 bars lateral compression. Superposed is the
finite-amplitude ridge model with A" = 80 km
(A = 1.5 km, H = 100 km), where the flow is
L/4.
spliced to the translation of a rigid plate at x =
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to a first approximation, the process of (for example, see Fletcher, 1972) and
addition of material does not build up might be plausibly applied here,
surface relief but tends to decrease the The model predicts a small negative
amplitude of the hthosphere-astheno- anomaly over the ridge, whereas a small
sphere interface, A". In the steady state, positive anomaly, of the order of 10
the rate of growth of the asthenosphere mnijgais> [s generally observed. More"diapir" is just balanced by the rate of over> plate motion in the model is not
the essentially thermal processes which resisted by stresses related to the subsupply magma and freeze out new litho- duction process. These shortcomings
sphere. In Fig. 90 the arrows indicate may be remc-ved by subjecting the rigid
the path of a particle from the point plates, and the fluid ridge portion of the
at which it becomes part of the rigid Hthosphere that they bound, to a unilithosphere.
form compressive stress, qa . Since
Note that the present model implies compression
tends to accentuate the
that the Hthosphere will undergo large buckle component in the ridge shape,
deformations in the vicinity of the ridge the values of (A'/A'X are increased
axis. This contrasts markedly
with (Fig. 91). For a sufficiently large stress
models in which the Hthosphere pas- this ratio can exceed the isostatic value
sively separates as dikes are emplaced by a significant amount. For fe«l, the
in the vicinity of the ridge.
value of (A' /A" )x without compression
The spreading velocity must equal the corresponds to a negative free-air anomrate of decrease in the volume of the aly of about 10 milligals, while for
ridge Hthosphere, due to the flow alone, ^ = _100 barS) its vaiue corresponds
divided by the thickness H. This yields, to a positive anomaly of the same
after some substitutions,
amount. Studies of earthquake source
mechanisms for events within oceanic
]A"
JJ = (l/k) \\-(A'/A")
far from their boundaries (Sykes
plates
I
n*~ €xx (L/4) I
(4) and Sbar, 1973) indicate that the plates
are m compression,
contribution
where the second term is a
from the uniform shortening of the Compression within the plate, howlayer which will be introduced in a ever, reduces the spreading velocity
modification of the model to be pre- when the Hthosphere rheology is taken
sented shortly. For convenience, I take as linearly viscous. The tendency of the
L/H = 2 7r (k = 1), a value which limits plate to buckle enhances the relief at the
the flow to a reasonably narrow seg- upper surface, and this in turn enhances
ment of Hthosphere, but is otherwise the lateral flow away from the ridge
arbitrary. Let H = 100 km, and A" =80 crest. The horizontal velocity profile at
km. Then A'i£l.7 km=5000 ft. These the distance L/4 from the ridge crest
values, together with the parameters becomes less uniform, but the nongiven earlier, imply U = 3.9 cm/yr. This uniform part of the flow in the layer
value is of the right magnitude and may tends to enhance the (mean) spreading
be adjusted by reducing the value of V velocity U. The uniform shortening
to a value somewhat below 1022 poise, term (see Equation 4), however, more
The most crucial assumption in the than offsets this increase, and the net
model is that the effective viscosity of result is a reduced spreading rate. When
the Hthosphere in the vicinity of the axx = -100 bars, U is reduced to 2.9
ridge be ^1022 poise. While a value of cm/yr. If the stress is raised to- 400
1023 poise might be considered more bars, the spreading velocity is reduced
representative of normal Hthosphere to zero. If a nonlinear (power-law) rhe(Walcott, 1970), values as low as 1021 ology is ascribed to the Hthosphere, the
poise have been suggested for deep buckling instability can be strongly
crustal deformations in orogenic belts enhanced, and the net result is an
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enhanced spreading rate. (The analysis
of buckling in a power-law layer was
described in Fletcher, Year Book 72.)
If the power-law exponent is taken as
it = 3. a compressive stress of -100 bars
yields a spreading o( 9.b' cm yr for the
model parameters above.
Thus, the present preliminary computations surest that Artyushkov's
model for plate tectonics is plausible,
provided a viscosity of 1022 poise can be
attributed to the lithosphere in the
vicinity of a spreading ridge. A more
refined model, which takes into account
a finite asthenosphere viscosity and the
variation in viscosity with depth in the
lithosphere. is currently under investigation.
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Project Narino
L. T. Aldrich, L. Ocola, A. T. Linde,
I. S. Sacks, mid D. E. James

For nearly two decades the Department of Terrestrial Magnetism, in collaboration with South American and
other U.S. institutions, has sought to
determine the deep structure of the
Andean crust and upper mantle by
means of explosion seismic refraction
techniques. The early studies were
motivated by curiosity about the origin
of the orogenic forces that generate
earthquakes and tectonic uplift within
the Andean belt.
Until the advent of plate tectonic
theory, our efforts in the Andes were
limited to description. Plate theory
provided us a framework in which to
explain some of the phenomena and
earth structure that we observed. As a
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consequence, a number of hypotheses
and models have emerged which purport
to elucidate the evolution of various
Andean provinces.
One of the most interesting and complex regions of the Andean orogen is
that of southwest Colombia and northern Ecuador. Here the Andes diverge
into three branches — the Cordilleras
occidental, central, and oriental. Case
and others (1971, 1973) have suggested
that the cordillera occidental represents the remnants of an oceanic or
island-arc structure that has been swept
into the South American continent and
accreted to the continental margin.
They base their conclusions upon positive Bouguer gravity anomalies along
the mountain crest that indicate a dense
crust with little or no root beneath the
areas of high elevation.
Project Narino was undertaken to
provide some insight into the crustal
structure and evolutionary history of
this complex region. The Narino seismic
experiment confirms the complexity of
the region but otherwise provides little
definitive understanding of the crustal
structure of this Andean region. Most
of the limitations in interpretation are
created by the inadequacies of the experiment and the data themselves (unreversed profiles, poor signal-to-noise
ratio at distances greater than 200-300
km); some of the analytical difficulties
are inherent in the restrictions and fundamental ambiguity of the seismic refraction method itself (nonunique
velocity-depth models, lateral variation
in velocity-depth structure).
The details of the seismic experiment
and the nature of the collaboration are
described in Year Book 72 and are not
repeated here. Figures 93 and 94 show
the location of stations and shots for
that part of the experiment involving
DTM personnel and their Peruvian,
Colombian, and Ecuadorian collaborators.
Record sections along the length of
these two profiles are shown in Figs. 95
and 96. The section La Cocha-Bogota
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Fig. 93. Map showing location of La Cocha shot _^
point _•and Huila valley stations along the La CochaBogota profile.
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displays those seismic records taken
along the Huila valley north of Laguna
de la Cocha. The section La CochaRiobamba displays the record section of
those observations south of La Cocha in
Colombia and Ecuador.
The seismic record sections cannot be
modeled using simple layered models.
Workers at the University of Wisconsin
and the Instituto Geofisico del Peru
have presented interpretations elsewhere that incorporate low-velocity
layers in the crust. Other plausible interpretations may be found to fit the

data, but they are complex models involving lateral variation in crustal
structure. We are only now beginning to
investigate alternative models and are
unable to speculate about the real nature of the Andean crust beneath western Colombia and Ecuador.
References
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Electrical Conductivity Studies
in Peru, Bolivia, and Chile
L. T. Aldrich, M. Casaverde, L. Beach, L.
Tamayo, J Bannister, and S. DelPozo

For nearly a decade the Department,
with considerable support from the National Science Foundation, has been
sing the electrical conductivity anomaly found by Sen mucker and his colg les in the early 1960s. Considerable
progress been made in the effort to
delineate this unusual feature in the
upper mantle, and this progress has
been reported in previous Year Books
and at various professional meetings.
The technique for studying the anomaly
is one of examining the relationships
between the orthogonal components of
the magnetic field resulting from currents induced in the anomalous region

during magnetic storms. What is determined by the distributions of these
relationships depends on a number of
types of lateral variations in the conductivity structure.
In Year Book 72 we discussed in general terms the measurements obtained
across the Argentine-Chilean border at
about 32°S latitude. The data showing
the relationship between the vertical
(Z) and N-S (H) components as a function of frequency showed the presence
of a discontinuity west of the array
which produced a relatively large effect
at short period (16 min) and a very small
effect at long period (64 min). We think
this relationship is due to the relatively
high conductivity of the ocean. The
sharp fall-off with distance from the
coastline (Fig. 97) of the short-period
H-Z transfer function is another indication of a near-surface discontinuity.
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Fig. 97. Geographic variation of the shortperiod H-Z transfer function.

We looked for a deeper anomaly because of the abrupt termination in this
region at the crest of the Andes of an
earthquake nest at a depth of 100-200
km. We wished to ascertain whether
this abrupt termination was due to a
temperature discontinuity which would
in turn produce a measurable electrical
conductivity anomaly. Since no conductivity anomaly was found, the model
of a descending slab which provides a
lower boundary for all earthquakes in
the region is supported. During the
past year we have extended our Chilean
studies north to Antofagasta in search
of the boundary between normal mantle
conductivity found in central Chile and
that found in southern Peru, which has
indicated an anomalous structure to the
east. The data in Chile show the anomaly to be east of the coastline, as in Peru.
Other models that produce conductivity anomalies include an elevated
temperature, which would raise the
level at which increased conductivity is
always found, . and a lowering of the
temperature by some mechanism such

as a down-going, relatively cold slab of
the lithospheric material. The few measures of thermal heat flow which have
been reported for this region give low
values; on the other hand, high seismic
attenuation measurements and distributions of seismic activity that are low
in the region of the conductivity anomaly are most easily explained by elevated
temperatures. We are increasing the
number of observations east of the region for which anomalous electrical conductivity isindicated in order to delineate the shape of the anomalous structure, ifpossible. This data should materially aid in selecting the most probable
model to explain the observed phenomena.
Another objective in our studies has
been to train and encourage Peruvian,
Bolivian, and Chilean scientists to carry
on this work. To this end we are supporting the predoctoral studies of John
Bannister at the University of Alberta.
Our confidence in Mr. Bannister's abilities has been confirmed by the faculty
of the University of Alberta, who have
accepted him for their Ph.D. program
after two semesters of study. We are
also preparing equipment which will
permit complete analysis of the records
in South America so that all our colleagues will have the added satisfaction
of participation in this essential feature
of the studies.
During the report year, data have
been obtained at ten new sites, and preparations have been made to occupy
eight others during the current field
season. Several of these new sites will
help define the eastward extension of
the effects of the anomaly and thereby
provide clues as to its form and extent.
Seismicity Studies in
Southern Peru
A. Rodriguez B., A. A. GieseckeM. L. T. Aldrich,
S. Sacks, and A. J. Linde

The Department has supported several years of operation of an eight-station seismic net in southern Peru. The
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work was directed by Professor Rodriguez, and analysis of the results has
been delayed for various reasons. A
grant from the Arthur L. Day Fund,
cooperation from the Regional Seismic
Center in Lima, and our interest in the
scientific opportunities afforded by the
body of data available, have led us to
revive the operation of this net for another year. As this is written, plans are
underway to expand the network to include six other Peruvian stations, two
Bolivian stations, and possibly a Chilean
station, in order to study not only the
time variation of seismicity in southern
Peru but also the current seismic pattern of the Arica Xest in northern Chile
and to extend the net northward using a
net of the Instituto Geofisico del Peru.
We are further pleased with the possibility of studying the entire Benioff
zone in southern Peru through the cooperation ofour colleague and former
Fellow, Professor T. Asada of Tokyo
University. Dr. Asada has developed a
very successful, modestly priced oceanbottom seismometer, and with the cooperation ofthe Peruvian Navy we hope
to install three or four instruments on
the seaward (western) side of the PeruChile trench for a three-to-four month
period during the coming year.
Lateral Heterogeneity at the
Base of the Mantle — An
Indication of Whole Mantle
Convection
/. S. Sacks andL. Beach

Introduction
The upper mantle is laterally heterogeneous; at a given depth in subduction
zones seismic velocities vary by as much
as 7%, and viscosity changes by as much
as a factor of 104. The lower two-thirds
of the mantle (with the possible exception of some 200 km at the base) is apparently uniform laterally; the increase
of velocity with depth is essentially that
resulting from increasing pressure on a
homogeneous elastic medium. For the
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base of the mantle, velocity determinations are not well controlled; it appears
that the velocity remains constant or
even decreases slightly with increasing
depth in the lowermost 200 km. Thus, in
some way, the elastic properties of this
region are affected by the core. Sacks
(1972a), in a study of the variations of
the spectra of core waves with angle of
incidence at the core-mantle interface,
concluded that there must be a decrease
in the compressional wave anelastic
attenuation parameter, Qp , from a value
in excess of 2000 in the middle and lower
mantle to between 200 and 700 in the
lowermost 150 km of the mantle.
Lateral heterogeneity in the vicinity
of the core-mantle interface has been
noted by some workers. Based on a
study of the propagation of seismic
waves diffracted around the core, Sacks
(1967) suggested that there might be
relief on this interface. A later study by
Bolt (1972) showed, on the basis of the
small scatter of arrival times of waves
multiply reflected inside the core by the
core-mantle interface, that topography
on this interface has to be small, only a
few kilometers. This indicates that the
time residuals observed by Sacks (1967)
are due to lateral velocity variations
near the base of the mantle rather than
to relief on the core-mantle interface.
Alexander and Phinney (1966) also concluded, from a study of diffracted
waves, that there are lateral velocity
variations at the base of the mantle. The
study described here is an attempt to
map small lateral changes in the velocity of this region over substantial areas
of the core surface.
Technique. Elastic waves at near
grazing incidence to an interface are
deflected by small velocity changes
adjacent to the interface far more than
elastic waves with near normal incidence. At distances between 155° and
175° the AB branch of the core phase
PKP enters the core at near grazing
incidence, whereas the DF branch enters
at near normal incidence. The arrivals
are well separated in time (24 to 95 sec-
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onds) and are generally easily identified.
The relative sensitivity of these two
phases to structure at the base of the
mantle can be seen from the following
example: The ray parameters are determined for the two branches of the phase
PKP for a given velocity-depth model
(e.g., Herrin, 1968) at an epicentral distance of 160°. If the velocities in the
lowermost 150 km of the mantle are
changed by some amount, without
changing the ray parameters, the resulting displacement of the emergence
points indicates the relative sensitivity
to the structural change. For a mean
velocity change of 0.16% (Fig. 104) the
epicentral distance of the near-grazing
(AB) branch changes by 0.4°, while that
of the near-normal (DF) branch changes
by 0.01°; i.e., the AB branch is 40 times
more sensitive than the DF branch to
velocity variations in the lowermost 150
km of the mantle. Such deflections of
the ray path will cause apparent focusing and defocusing, giving rise to large
or small amplitudes for the observed AB
arrival. By comparing the amplitudes of
the AB and DF arrivals recorded at a
seismograph from an earthquake in the
distance range noted above, the effects
of source radiation as well as near seismograph effects on amplitude cancel
out because the two ray paths leave the
source and arrive at the receiver along
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the same azimuth and within 14° of
inclination. The variations in the amplitude ratio AB/DF indicate mainly the
propagation path differences.
A comparison of the ray paths is
shown in Fig. 98. Each arrival has made
two crossings of the core-mantle interface so that from a single observation it
is not possible to apportion the relative
effects of the two crossings. The technique used to overcome this complication isshown in Fig. 99. We average the
amplitude ratios of these rays observed
at a number of seismographs at differing azimuths from a range of earthquakes and satisfying the requirement
that the AB arrivals have but one approximately coincident core-mantle
interface crossing. Because of the azimuthal difference, the other interface
crossing of each of these rays will not be
coincident but will be spread over a
large area of the core-mantle interface.
If this spread is large enough to include
both good and poor transmission regions, the average amplitude ratio will
reliably indicate the relative transmission characteristics of the coincident
zone. A spread in epicentral distance
can be effective in the same way.
Data. The data to be discussed here,
and indeed, the largest data set available, is obtained from South American
seismographs. A large section of the

A =170°

Fig. 98. . Seismic-ray paths used in this study. In the distance range 155 to 175°, the AB branch of the
core arrival {PKP) enters the core at near grazing incidence and is very sensitive to velocity variations at
the base of the mantle, region Q2. The DF branch (PKIKP) enters the core at near normal incidence and
has minimum sensitivity to structure at the base of the mantle.
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a 99. Technique used to resolve the ambiguity of the two core crossings. The dotted lines indicate
- at the base of the mantle whose transmission properties are being investigated. L indicates lowamplitude transmission and H indicates high amplitudes. Circles are seismographs; asterisks, earthquakes; full lines show mantle paths; and broken lines, paths in the core. The average amplitude for the
L region sampled is i LL - LH - LL - LH)/A. If the adjacent //region was sampled, the average would
be HL - HH - HL ~HH\ 4. which is clearly larger.

active circum-Pacific seismic zone is at
PKP distances to South America. All
available seismograms of earthquakes
greater than magnitude 6 between 1964
and 1972 were studied. The seismographs used ranged from BHP, Panama,
in the north to SOM in southern Chile,
and from BOG, Colombia, in the west to
NAT. Brazil, in the east. In all, about
400 amplitude ratios were obtained
from this set. Figure 100 shows some of
the arrivals. It can be seen that the
amplitude ratios of AB to DF vary wideA given station can have large ratios

from some earthquake regions but small
ratios from others. The same earthquake gives large AB/DF ratios at some
seismographs but small ratios at others.
It is apparent, therefore, that the amplitude ratio is not dependent on either
the station or the source, but rather on
the path. The similarity of the ratios
determined from long-period seismograms to those from short-period seismograms (WWSSN) (Fig. 100), indicates
that anelastic attenuation, which affects short periods more than long, does
not play a major role. In Fig. 101 the
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amplitude ratios observed are compared
to those calculated from a mantle model
(Herrin, 1968) and a standard core
model. The particular models used do
not affect the calculated results to a
great extent. The factor of ~2 scatter
of the results is a function of neither the
distance from the earthquake nor the
number of observations in any particular distance range. The distribution of
the ratio values (flat-topped rather than
Gaussian) indicates the range of transmission factors existing at the coremantle interface.
Data were available with sufficient
azimuthal or distance dispersion to map
the transmission of near-grazing rays
from 50° in the north, 65° south lati-
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tude, 0° in the east, and 120° in the v. i
The data are not equally distributer!
over this large area but are more numerous in the east and southeast Pacific.
Results from a part of this area are
shown in Fig. 102. The amplitude ratios
have been divided into three groups.
Amplitudes of AB/DF between 0.5 and
1.5 are as predicted from simple geometric calculations. Smaller and larger
ratios than this range are grouped independently. Itwas found that large
areas of the base of the mantle behave
coherently, i.e., it is possible to identify
regions which have average transmission better than expected, such as that
centered about 35°S, 105 °\V, or those
with expected transmission, such as the
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Fig. 100. Tracings of some seismograms showing the relative amplitudes of the AB and DF arrivals.
Seismograms from the same seismograph, e.g., LPB, traces 2 and 3, show large differences for arrivals
at differing azimuths. SAz indicates the back azimuth. There are also examples from the same earthquake recorded at different seismographs.
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region centered about 20°S, 110°W. Figure 103 illustrates details of the amplitude ratio data showing the azimuthal,
distance, and seismograph dispersion.
Constraints on models. It is important
to consider the constraints on structural
variations at the base of the mantle imposed bythe available data.
1. Velocity structure of the mantle.
Since the velocity increase with depth
deviates from its trend in the lower
third of the mantle only in the lowermost 150-200 km, it is reasonable to suppose that any anomalous structure
might occur in this region.
2. Travel-time anomalies for the AB

branch of PKP in the regions of different transmission must be small, since
they have not been obvious in core phase
travel-time studies. Our estimate of the
travel-time anomalies from differential
(PKPAB/PKPDF) travel times is that
for areas of anomalously large transmission, PKPAB arrivals are earlier by
less than 0.3 seconds. This implies that
any velocity change in the lower 150 km
of the mantle is less than 0.6%.
3. The 150-km-thick zone at the base
of the mantle has a significantly lower
Q value than the lower mantle ( ~ 450
rather than about 2000), suggesting
lower viscosity and, possibly, partial
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melt (Sacks 1972a, 1972b; Anderson,
1966).
4. The amplitude ratio of PKPAB/
PKPDF varies commonly by a factor of
4 and by as much as a factor of 10 from
region to region (at the base of the
mantle). High or low amplitude ratios
are coherent over considerable areas,
millions of square kilometers (at the
base of the mantle).
.4 suggested model One model which
seems to satisfy the above mentioned
constraints involves convecting parts of
the mantle. Goldreich and Toomre
< 1969) have shown that the viscosity of
the whole mantle is low enough to permit convection. Accepting that the core
is at a higher temperature than the
mantle, the amount of heat flow would
of course b<- much affected should the
mantle convert. If Murthy and Hall
1 11470) are right in suggesting that there
is radioactive potassium in the core, the
heat transfer to the mantle must be
large. Because fluid motions in the
r-ore need radial components to enable
the operation of the magneto-hydro-

dynamic dynamo (e.g., Bullard and Gellman, 1954), the heat transfer across the
core-mantle interface will not everywhere be the same, i.e., some regions of
the mantle are more likely to convect
than others.
We consider now a nonconvecting
(whole mantle) region. The ~150-kmthick zone at the base of the mantle,
which has a decreased velocity gradient
(see Fig. 104) and also lower Q and
therefore lower viscosity, is likely to
convect. The aspect ratio of convection
cells being commonly near unity, these
cells will have lateral extents of about
150 km. The effect of such cells will be to
cause focusing and defocusing of the
PKPAB rays because of the deflection of
the ray paths. Note that the cells are
large compared with the wavelengths (20
km and less, Fig. 100) considered. For
example, using an approximate model, if
the upwelling and downwelling limbs of
the cells have velocities differing by
0.33%, following the curves in Fig. 104,
the deflection of PKPAB at a distance of
160° is 0.8°, leading to an amplitude two
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Fig. 104. Velocity structure of the lower mantle. The solid line is the structure after Herrin (1968).
The dashed line indicates the type of velocity change required to satisfy the amplitude results. It is the
lateral velocity gradient between the two structures shown that causes the focusing or defocusing.

times that of an undisturbed ray. This is
the case if the (horizontal) direction of
velocity decrease is that of increasing
epicentral distance. In the opposite
direction, or in a cell with reversed rotation of convection, the amplitude will be
decreased (0.66). Note, however, that
since this is essentially a scattering
process, even though the direct leasttime path energy may be in a defocused
or shadow zone, there are still likely to
be large amplitude arrivals which have
been deflected to the receiver by adjacent cells. Therefore, more large amplitude arrivals are expected than medium
or small amplitudes in such a region.
We now consider the base of the mantle if whole mantle convection is taking
place. In that case, the likelihood of
small (150-km) cells is reduced, since
there is no longer an upper stationary

"lid" to contain the cell. Most of the amplitudes of arrivals traveling through
such a region will be normal. The material flow paths for the two conditions
are shown in Fig. 105.
Whole mantle processes and correlation with nearer surface phenomena. An
indication of the existence of whole
mantle processes would be a correlation
between some structure deep in the
mantle and a much shallower feature.
The upwelling limb of the convection,
being of lower density (and hotter) than
the surrounding material, will tend to
cause increased elevation at a free surface in order to preserve a mass and
pressure balance. This will appear as a
positive gravity anomaly when interpreted from satellite orbits because the
center of mass of the limb is nearer to
the satellite.

CARNEGIE

1028

INSTITUTION

,~2v£LOr>

Fig. 105. Models of the lowermost mantle. (A) Noneonvecting whole mantle. If the whole mantle does
not eonvect. the lower viscosity region at its base probably will, the convection cell being bounded at the
top by static material with a higher viscosity. The small velocity gradients (because of the temperature
difference in the upward and downward limbs of the convection cells) cause focusing of the energy
traveling in near grazing ray paths, giving rise to larger than expected arrivals. (B) Whole mantle
convection
tor Xumae).
If the convection
extends towards the earth's surface, thermal conditions are
such as to reduce
the likelihood
of small cells.

Uotilla (1962) has calculated the isostatie anomaly field of the earth from
satellite data, making all topographic
corrections (Fig. 106). Many of the features of this anomaly field are, of
course, due to causes other than convection cells. Indeed, Kaula (1972) has correlated some of the anomalies with surface features such as deep ocean basins.
This means that correlation with convection cells, even if they were well
known, would be somewhat "noisy" on a
global basis, though it might be clearer
in some regions such as relatively homogeneous oceanic regions.
Projection of the transmission results
from this study were plotted on a globe
and compared with the gravity anomaly
field. There appeared to be some correlation. To establish generally whether this
was real or only apparent, the amplitude
ratio data were separated into two regions— those from areas where the
gravity anomaly was positive and those
from negative anomaly regions. Figure
107 shows the results from the two
groups. The amplitude ratio results
from negative gravity anomaly regions
show a preponderance of large ampli-

tude ratio arrivals with relatively few
small arrivals. This is consistent with
the effect of small (150-km) convection
cells at the base of an otherwise noneonvecting mantle. The positive anomaly regions, however, have a preponderance of normal amplitudes. This is as
expected either from a mantle which
has no convection cells at its base or
from an upwelling limb of a whole mantle convection cell. The ratio of the amplitudes from the two regions shows a
clear trend in the distribution of amplitude results (Fig. 107).
A detailed comparison was made between the amplitude ratio and gravity
anomalies in the east Pacific Ocean region where numerous arrivals had a
core-mantle interface crossing. Figure
105 shows the overall isostatic anomaly
field of the earth as well as the slice 800
km wide and 4000 km long (surface
measurements; the actual dimensions at
the core-mantle interface are 0.54 of
these), which was used in the correlation. Figure 108 shows a comparison
between the ratios PKPAB/PKPDF and
the gravity anomalies. The scatter in
the amplitude data is apparent, but the
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"7. Division of the transmission data into two groups, depending on whether the core-mantle
terfa ~;ng occurs beneath a region with positive or negative isostatic anomaly. The lower line is
of these two sets of data. The trend of this line is independent of the number of observations.
ransmission and gravity anomaly data were uncorrected, the distribution of the amplitude ratio
should be similar in the two groups. However, there is a significant difference suggesting a correlation and hence that whole mantle processes are taking place.

correlation is nonetheless clear. Note
that in this area of the Pacific, there is
no correlation (Fig. 106) between the
isostatic
• ires. anomalies and topographic

Su i" t/'fi/ij

1. There are large differences, commonly a factor of I, in the amplitude
ratio of the core phases PKPAB to
PKPDF for events in the epicentral

range 155 to 175 degrees.
2. In this epicentral range, the
PKPAB phase is a near-grazing ray at
the core-mantle interface. Its amplitude
has been shown to be extremely sensitive to small lateral changes in the velocity in the lowest 150 km of the mantle.
Velocity variations of less than one-half
percent can account for the amplitude
observations and are consistent with
other controls.
3. Anelasticity effects can be ruled
out as playing a major role, as can struc-
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ture
these
4.
over

in other parts of the ray path, for
phases.
The amplitude ratios are coherent
large areas of the core-mantle interface, upto areas of millions of square
kilometers.
5. There seems to be a correlation
between areas of the core-mantle interface leading to small ratios PKPAB/
PKPDF and areas determined from
perturbations of satellite orbits to have
positive isostatic gravitational anomalies.

6. The observed decrease in Q. the
relatively small increase (or decrease)
in the velocity in the lowest 150 km of
the mantle, and the proximity of the
hot core suggest that there should be
convection cells at the base of the mantle. For aspect ratios near unity, these
cells would have dimensions of about
150 km. We interpret this as the normal
case, i.e., the case when there is no
whole-mantle convection. We have argued that this situation gives rise to
large ratios of PKPAB to PKPDF.
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7. The small amplitudes \o( PKPAB/
PKPDF) and the correlation between
corresponding areas o( the core-mantle
interface and the positive gravity anomalies suggest the existence of whole
mantle convection processes whose upwelling arms emanate from these areas
of the core-mantle interface.
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Geophysical Implications of the
Phase ScSjj on the Dipping
llthosphere underthrusting
Wkstern South America
Hiromu Okada*

A longitudinal forerunner to the ScS
phase observed at Japanese and South
American stations was reported and
discussed in Year Book 72, p. 238. (See
also Okada, 1971.) All observations (as
well as nonobservations) are consistent
with the (apparently unique) interpretation of this phase as an ScSp phase: a
P phase converted from an ScS phase at
some dipping interface below 100 km
depth. Elsewhere (Okada, 1973, 1974) a
detailed description of the phase is
given, and possible models for the interface are presented. This report concentrates on the geophysical implications
*Hokkairlo University, Sapporo, Japan.
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of the phase ScSp on the location of
the dipping lithosphere underthrusting
western South America. The interfaces
predicted by observations of ScSp are
interpreted as upper boundaries of dipping lithospheric plates.
Seismicity as a plate boundary predicator. The seismicity in subduction
zones near oceanic trenches is shallow in
the vicinity of the trench and gets deeper
away from the trench in the direction of
subduction. The seismicity pattern away
from the trench in Japan, an island arc,
differs considerably from that in western South America, a continental volcanic arc. In Japan there is an aseismic
wedge above the dipping plate, and the
seismicity below 100 km forms a welldefined plane which is generally believed
to correspond to the upper boundary of
the dipping plate (Fig. 109). Along most
of the western coast of South America,
there is no clear trend in the observed
seismicity below 100 km (e.g., Fig. 114).
Hence, seismicity trends may not delineate the upper boundary of the dipping
plate underthrusting western South
America. [This difference in the observed seismicity away from the trench
can be explained in part (Sacks and
Okada, 1973, 1974; Alexander and Sherburne, 1973) by the fact that the underthrusted mantle in western South
America is lithospheric rather than
asthenospheric, so that is is capable of
supporting earthquakes.]
Plate boundaries predicted by ScSp in
South America, The time interval between the observed ScS and ScSp arrivals from an event produces a locus of
possible P-conversion points. Amplitude studies (Okada, 1973, 1974) indicate
that the conversion must occur over a
number of kilometers of the predicted
interface. Observations of ScSp (Fig.
109) from the seismograph at KMU in
Hokkaido, Japan, predict an interface
which correlates well with the dipping
seismic plane, and it is therefore inferred that the interface maps a portion
of the boundary of the dipping plate. A
physically plausible model for the plate
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boundary has been found to be consistent with the amplitude and frequency
content of ScSp (Okada, 1974), namely,
an interface with a 7% P-wave velocity
change over a transition zone less than
a few kilometers thick. It is assumed
further in this study that the interface
predicted by the observations of ScSp
maps a portion of the upper boundary of
the subducting plate, even where a seismic plane is not well defined.
ScSp phases from nearby deep-focus
earthquakes were observed at three
WWSSN stations (ARE and NNA in
Peru and PEL in central Chile), and
looked for but not observed at two other
WWSSN stations (ANT in northern
Chile and LPB in Bolivia) as well as at
the broad-band station CUS in Peru.
The nonobservation of ScSp is explained by the location of the stations
relative to the downgoing slab: ANT
(Fig. 110) is too far to the west, while
LPB (Fig. Ill) and CUS are too far to
the east to observe ScSp from an underthrusting plate boundary whose location
could be inferred from the observed

seismicity. Furthermore, the lack of any
ScSp at LPB or CUS indicates the absence of a deep (300-500-km) dipping
interface. Hence, the nonobservance of
ScSp at LPB and CUS is evidence (consistent with Sacks and Okada's 1974 Q
results) against the continuous to 600
km deep lithosphere postulated by
Isacks and Barazangi (1973).
The conclusions drawn from the observed ScSp in South America are as
follows:
Central Chile (FEL, Fig. 112). There is
little seismicity below 200 km and no
trend in the seismicity can be defined
below 100 km. The boundary predicted
by ScSp is an extension of the trend of
the shallower seismicity and is somewhat steeper than might be predicted
simply
micity. on the basis of the deeper seisSouthern Peru (ARE, Fig. 113). The
seismicity is somewhat higher and the
trend to 150 km somewhat better defined
than in central Chile. The predicted
boundary is a logical extension of the
shallower seismicity trend.
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Fig. 114. Vertical seismicity cross section and traced seismograms of ScSp and ScS arrivals at NNA
(central Peru). Isacks and Molnar's (1971) gently dipping slab model is shown in the inset at the lower
left. Their seismicity cross section is taken over the same region as the one above it, but they included
only events with M > 5 (USGS, 1961-1967).

Ct ntralPeru (NNA, Fig. 114). There is
no clear seismic interface. Isacks and
Molnar 1 1971 1 postulated the location of
the underthrusting plate as shown in
the insert in Fig. 114. Their prediction
contrasts sharply with the ScSp inter. which is much steeper. The boundpredicted by ScSp again follows the
trend of the shallow seismicity.
Summary. The ScSp phase has been
shown to be a valuable tool for mapping
the upper boundary of a subducting
lithospheric plate in an area where there
is not a clear seismic plane delineating
the boundary. Beneath western South
America, the relatively scattered seismicity does not allow a reliable location
of the upper boundary of the under-

thrusting plate (except perhaps in northern Chile.). Observations of the ScSp
phase define relatively steeply (« 30°)
dipping interfaces under both central
Peru and central Chile. The absence of
observations of ScSp corresponding to a
conversion region in the 300-500 km
depth range suggests that the interface— and inferentially, the dipping
lithosphere — is not continuous through
these depths.
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A Model Not Requiring
Continuous Lithosphere for
Anomalous High-Frequency
Arrivals from Deep-Focus
South American Earthquakes
J. Arthur Snoke, I. Selwyn Sacks, and
Hiromu Okada*

Introduction
In Year Book 72 (p. 233), we reported
on our attempts to construct empirical
models to explain a class of anomalous
high-frequency arrivals at Peruvian
stations from deep-focus South American earthquakes. An impetus for our
study had been to test the uniqueness
of a model proposed by Isacks and Barazangi (1973) to explain the arrivals
which required (and, if unique, implied)
hitherto unpredicted tectonic structure;
namely, a dipping lithospheric slab
under western South America which is
(1) continuous down to a 600 km depth
through a 300-500 km depth aseismic
zone, and (2) whose upper surface
throughout its extent is an almost perfect reflector for S waves incident from
below. Using a model's ability to match
the observed arrivals' travel time and
high-frequency content as criteria, we
found that the arrivals could be explained using a number of models. This
result showed that Isacks and Barazangi's model was not unique and therefore challenged the necessity for their
assumptions.
In the last year we have found additional examples of this type of anoma*Hokkaido University, Sapporo, Japan.

lous arrival at Peruvian and Chilean
stations and have considerably refined
our models. Our current models make
no assumptions about the tectonics
which are not independently predicted.
West-central South America is characterized byan oceanic trench with seismic activity that is shallow near the
trench but gets deeper away from the
trench towards the east. Along most of
the west coast of South America (except
in northern Chile) there is no welldefined dipping seismic plane such as
one finds in island arcs. There is a break
in the seismicity between depths of 300
and 500 km, and the trend of the deep
events is not the same as that of shallower ones (see Fig. 115).
Q studies by Sacks (1969, 1971) and by
Sacks and Okada (1973, 1974) indicate
that west-central South America has a
(laterally homogeneous) high Q (Qs ~
1000) east of the subduction zone down
to a depth of about 350 km where there
is a Q reversal so the Qs between depths
of 350 and 450 km is less than 200 (see
Fig. 116).
trated on theSacks'
mantlestudies
under have
Peru, concenbut his
data for northern Chile produce a consistent picture except that a lower Q
zone of small lateral extent exists just
above the dipping seismic plane (Sacks
and Okada, 1974).
Recently, Okada (1973, 1974), using
the phase ScSp, has demonstrated the
existence of a dipping interface in South
America (as well as in Japan) capable of
producing an efficient S to P conversion
by refraction. Where a dipping seismic
plane is well defined, his interface correlates well with the upper surface of
that plane; where the seismic plane is
less well defined, his interface presumably still maps the upper surface of the
downgoing lithosphere.
Data
There are two groups of deep-focus
(500-650 km depth) earthquakes in
South America: a group in western
Brazil (latitude 6-10°S, longtitude
71 °W) and a group in northern Argen-
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Fig. 115. Location map showing seismograph stations and epicenters (solid triangles) of earthquakes
for which the anomalous high-frequency arrivals have been observed. Also shown are projections of the
seismic activity for depths of 100-250 km (numbers) and depths greater than 500 km (triangles).

tina i latitude 19-29°S, longitude 63°W).
We looked for the anomalous arrivals on
record- from WWSSN stations NNA
and ARE in Peru, LPB in Bolivia, and
ANT and PEL (33°S, 71°W) in Chile, as
well as on records from the Carnegie
broad-band seismograph stations
(Sacks, L966)CUS and TRU in Peru. The
anomalous arrivals follow S by a time
which increases with epicentral distance
90 that for A < 15° it is sometimes difficult to separate such an arrival from
S's coda. This, coupled with the small
dynamic range of WWSSN instruments,
limited the number of potentially usable
events at ARE, LPB, and ANT. We
found no anomalous high-frequency arrivals at LPB, and those we found at

ARE and ANT are often ambiguous as
to whether they represent a distinct arrival or a part of a complex S arrival.
There is an apparent long-distance cutoff, for we found no high-frequency arrivals within a couple of minutes of S for
A > 21° although we had clear S arrivals
for such events at TRU and PEL, i.e.,
the long-distance cut-off applies for
both northern and southern paths.
Station locations and the epicenters
of earthquakes for which we observed
these anomalous arrivals are shown in
Fig. 115. Anomalous arrivals from five
of the events are observed at two stations, and a usable record with no such
arrival is available for one of those
events from a third station. A plot of
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Fig. 116. The Q$ structure of western South America (from Sacks, 1969). This applies basically to the
region east of the subduction zone. There is also a low-Q zone of limited extent above the dipping seismic
plane in northern Chile.

(reduced) travel time vs. A for the arrivals isgiven in Fig. 117. From Fig. 117
one sees that it is possible to associate
an apparent velocity of about 4.7 km/sec
with the phases producing these arrivals— a velocity which is characteristic of normal S phases from shallow
25 —
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events for this range in epicentral distances.
The S arrival for these events is characteristically an impulsive arrival,
with little frequency content above 0.5
cps and a duration of 3-5 seconds. The
anomalous arrival is characteristically
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Fig. 117. Reduced travel time vs epicentral distance for the observed anomalous high-frequency ar
rivals at South American stations.
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an emergent phase, with frequencies of
up to 2-3 cps, a duration of 10-20 sec,
and (on short-period WWSSN records)
a recorded amplitude Larger than S's for
A < 16 but smaller than S*s for A > 18°.
The anomalous arrivals were not observed on the long-period WWSSN
records and are only observable with
frequencies > 1 cps on the Carnegie
broad-band records because of the coda
o\ >. Examples of these anomalous arrivals are shown in Fig. 118 for epicentral distances of 9.8°, 13.6°, and
19.6°.
Also shown in Fig. 118 is a high-frequency arrival component,
(labeled A'), that
visible
only
on the vertical
appears
some seconds before our choice of the
arrival time for the anomalous phase.
[f the final stage of the anomalous phase
is an S phase whose ray path extends
well below the crust, then a conversion
of this phase to P and the M-discontinuity could produce a high-frequency
arrival consistent with that observed.
[sacks the
and same
Barazangi's
study
included
NNA data
and (1973)
much
of the same ARE data as ours.
S

AH FA
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The Models
The reflection model. In the reflection
model (Snoke, Sacks, and Okada, 1973,
1974a, 1974b), a high-frequency anomalous arrival results from an S-to-Sor a
P-to-S reflection at a dipping interface
(Fig. 119). (Earlier we also considered
possible a phase which reflects from the
earth's surface before refracting
through the dipping interface, but
Snell's law predicted for such a case an
interface dip in the wrong quadrant.)
Because of the Qs reversal at 350 km
(Fig. 116), we constrained the maximum
depth of the reflected phase to be less
than 350 km. An effect of this constraint
is to produce a long-distance cut-off for
the anomalous phase consistent with
observation. From the epicentral distance, the Q for the region, the incident
and reflected ray parameters, focus and
reflection depths, and velocity-depth
models, one obtains a total travel time;
the dip, strike, and location of the interface; and the frequency content of the
anomalous arrival relative to S (see
ARE
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AUGUST

1967

550 KM
A = 9.8°
Zh = COMPONENT
,w/^^^w^-^Kvw^^^^^WW*^

AHFA

ARE

1 JANUARY

1968

h = 599
KM
A =13.6°
NS
COMPONENT

•jfj^^^jf^^^ **~ **
NNA
AHFA
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MARCH
KM
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A = 19.6°

COMPONENT

10
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11". Tracings of short-period records from ARE and NNA showing anomalous high-frequency
(labeled AHFA ) and the corresponding^' arrivals for various epicentral distances. We interpret
the arrival labeled X as an S-to-P conversion at the Moho, where the S phase's ray path extends well
below the crust.
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straight-line path A. Given A, velocity-depth model(s), a focal depth and a conversion depth and assuming Snell's Law at the conversion, one can calculate travel time, dip angle {<p ), and strike angle (&) for
each choice of phases 1 and 2.

Snoke et a/., 1974b, for the details of the
calculation). In addition, information or
assumptions about the focal mechanism
and radiation pattern for the event allows an estimate of the amplitude of the
anomalous arrival relative to that of P
and of S.
In Fig. 120 the (projected) loci of
flection points are superimposed on
vertical seismicity cross section of
straight-line path between NNA and
epicenter of an event for which
NNA
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anomalous arrival was observed at
NNA. The points shown represent average solutions at various depths for which
the predicted total travel time is within
a second of that observed and for which
the angle between the initial phase and
the straight-line path (7 ) is less than
15°, the strike angle (0) is 55 ± 10°,
and the dip angle (<t> ) is 28 ± 4° for S-to5 or 41 ± 3° for P-to-S (see Fig. 119).
These limits for the S-to-S reflection are
those giving good agreement between
the model interface and that suggested
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Fig. 120. Loci of reflection points for different velocity-depth models projected on the vertical seisNNA. micity cross section for the straight-line path between the event on 25 Julv 1969 (25.5°S, 63.3°W) and
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by the seismicity (or by Okada). Similar
agreement is obtained for the other observed anomalous arrivals.
It is usually assumed that the S and P
velocities in lithosphere are higher than
in the normal (Jeffreys) mantle, so we
incorporated this feature in our model.
Representative results for different
percentages oi velocity increase are
shown in Fig. 120. As the percentage increases, the reflection points at a given
depth move away from the station, and
the possible reflection depths become
shallower. In all cases we have examined, the 7$ augmented mantle for
S-to-S reflection (with times within a
second of the observed) leads to reflection points which are well correlated
iwithin 20 km) with Okada's interface
and hence with the upper boundary of
the general trend, in the dipping seismicity between depths of 80 and 250 km.
The P-to-S model seems less likely than
the S-to-S because the predicted dip
angle is about 10° higher than the 30°
predicted by the observed seismicity or
by Okada's work and because the reflection points are located far from any
predicted interface.
A further test of the model is to determine if the Q along the proposed paths
for the phases leading to the anomalous
arrival is sufficiently high to explain the
observed high-frequency content of the
arrivals. To examine the Q of the paths
for the initial phase, we looked at shear
arrivals from deep-focus earthquakes at
small epicentral distances. Such arrivals were studied by Sacks (1969,
1971), and he found that shear waves
with frequency content above 2 cps are
recorded at a number of stations both
on the coast (ANT, AYE) and well inland (CUS) from deep-focus events.
(These paths are shown in Fig. 6 in
Sack.-. 1971). Figure 121 shows such an
S arrival at ANT from an event almost
due east of ANT with A = 6.1°. We investigated the possibility that this arrival might \>c a reflected phase which
arrived at the predicted S arrival time.
We found that an S-to-S reflection could
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Fig. 121. Vertical seismicity cross section for
the straight-line path between the event of 10 Aug.
1967 (23.2°S, 63.9°W) and ANT and a tracing of
the S arrival at ANT for the event. The paths for
the normal S and for the phases in the waveguide
model are included, as well as the locus of possible reflection points for the reflection model.

produce the observed total travel time if
the km.
predicted
20° at a with
depth the
of
80
This isdip
not were
inconsistent
seismicity data. Either interpretation
of the observed arrival in Fig. 121 implies that the initial phase in the reflection model with its steep trajectory
through the lower-Q region will not lose
its high-frequency content (i.e., circa 2
cps). To examine the Q of the paths for
the reflected phase, we looked at shear
arrivals from earthquakes that lay
along proposed reflected-phase paths.
As shown in Year Book 72 (p. 237), the
high-frequency content of the S arrival
from these events compared to that of
the anomalous arrival is consistent
with the model's requirements.
Using Sacks'(1971)Q model (Fig. 116),
we find that the T/Q for the S-to-S path
is typically about one-half that for the
direct S phase for events which produce
the anomalous arrivals.
The incident angle to the dipping in-
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terface (measured from the normal) for
an S-to-S reflection is typically found to
be about 65°, which for a 7% change in
Vs implies a reflection coefficient of
0.1 or higher. We have not completed
our study of the effects on the amplitude due to geometrical spreading and
focusing/defocusing due to the reflecting interface.
The waveguide model. In the waveguide model proposed by Isacks and
Barazangi (1973) the anomalous arrival
results from a phase which travels as a
guided wave up the (continuous) descending lithospheric plate to 100 km
from the surface where it is converted
to an Sn phase. The guided phase is assumed to have an average velocity of
5.4 km/sec and the Stl phase a velocity of
4.7 km/sec. The actual path, determined
separately for each event, is obtained by
looking at a vertical seismicity cross
section for the straight-line path and
choosing a path that follows the upper
surface of the dipping seismicity up to
the 100 km conversion depth.
The waveguide model does not predict
the observed long-distance cut-off. On
this point, one has the following set of
facts in the context of the waveguide
model: The observation of an anomalous
high-frequency arrival at TRU for an
event on 23 August 1968 implies that the
Sv phase can get through to TRU. The
observation of an anomalous arrival at
NNA for the event on 25 July 1969 implies that the waveguide up the slab was
operative for that event. One should
therefore observe an arrival for that
event at TRU which lies along essentially the same azimuth as NNA, but
there is no high-frequency arrival within several minutes after S.
If the lithosphere were continuous
down to the deep-focus earthquakes
with an upper surface as assumed in the
waveguide model, one should find examples of Okada's ScSp phase at CUS
and LPB. (The position of these stations
relative to the dipping lithosphere is
such that ScS-to-P conversion would
occur between depths of 300 and 500

km.) The fact that ScSp is not observed
at LPB and CUS (Okada, 1974) is evidence against the continuity of the
lithosphere in the regions sampled by
these stations.
Co ncluding Re in a rkfi
In the paper by Isacks and Barazangi
(1973) as well as in a review paper by
Oliver et al. (1973), the existence of the
anomalous high-frequency arrivals is
used as evidence for the continuity of
the lithosphere and for the existence of
an efficient waveguide in the downgoing lithosphere. The waveguide model
must provide a unique explanation for
the anomalous arrivals if this logic is to
be consistent. The successes of the reflection model show that the waveguide
model is not unique, and the nonobservance of ScSp at LBP and CUS provide
strong evidence against the continuity
of the lithosphere, at least for the regions sampled by those stations. The
evidence against the continuity of the
lithosphere and the fact that the waveguide model does not predict the observed cutoff of the anomalous arrivals
at about A = 21° persuade us that the
waveguide model is not operative in
South America.
The reflection model appears to provide an adequate explanation for the
anomalous high-frequency arrivals. We
do not claim that the reflection model is
unique or universal, but we infer from
our study that the main tectonic implication of these arrivals is the existence
of a dipping interface in the depth range
80 to 250 km, which represents a sufficiently sharp velocity discontinuity to
support efficient reflection of 5 waves
incident from below.
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A homogeneous, uniformly prestressed
elastic medium in equilibrium is perturbed at a time t = 0 by the instantaneous creation of a rupture zone,
which may take the form of a change in
the elastic properties or density over a
finite surface or volume. His goal, then,
is to solve for the dynamical displacement u(rt t) defined relative to its final
equilibrium value. For t > 0 the displacement satisfies the equation of
motion everywhere except in (or on) the
rupture zone,
u2^(V-7<) - b2 VX( VX 77) -d2/dt27=Q,

An Unsupported

Assumption in the

Formulation of Randall's Source
Theory Representation
J. Arthur Snoke

Introduction
Randall (1964a, 1972) has developed
an approach to obtaining the dynamical
solution for the radiated elastic displacement from an earthquake or explosion.
His model is similar to Archambeau's
model (1968, 1972) in being classified
i Anderson, 1974) as a stress relaxation
model. The explicit form of Randall's
solution is sufficiently different from
Archambeau's that it appears to provide
an alternative approach to elastodynamical problems. A close examination
shows, however, that there is an unsupported assumption in Randall's derivation of his representation so that his
solution is unsubstantiated. A discussion of this point is believed to be warranted because of Randall's published
applications of his model (1964b, 1966,
L972, 1973) and because the erroneous
logic Involved in this assumption has
appeared in numerous other places in
the recent literature (Ewing, Jardetzky,
and Press, 1957; Sneddon and Berry,
1958; Landau and Lifshitz, 1959; Takeuchi, 1959; Burridge and Alterman,
1972).
Randall's Model
Randall's model (1964a) is as follows:

where a and b are the P-wave and S(1)
wave velocities, respectively. To obtain
a solution for u it is sufficient to know
the displacement and its first time derivative at t = 0 everywhere outside the
rupture zone. The initial velocities are
assumed to_be^zero_and the initial displacement, i(0(r) = iT(7%0), is the difference between the prerupture (t < 0) and
final (f = oc) equilibrium displacements.
u'q will equation,
therefore satisfy the force-free
Navier
(/2v(V'iT0)-62VX(VX/70)=0.

(2)

Randall's approach to solving Equa^
tion 1 is to introduce potentials I^and A
so that
77=VF + v x A
with

(3)

V-A=0

(4)

Substituting Equation 3 into Equation
1 and using Equation 4 leads to
V|r/2V^ V-d2/dt2 V\ +
VX\b2V22-d2/dt2A\ =0
(5)
Citing Sneddon and Berry (1958, pp.
107-108), Randall claims that Equation 5implies
a2V2 V-d2/dt2 V = 0
and
b2V2A-d2/dt2A =0

(6)
(7)

DEPARTMENT

OF

TERRESTRIAL

MAGNETISM

Equations 3, 6, and 7 and the solution to
for Randall's
2 formforthe_basis
Equation tion
u(r,t).
representa
There is a fundamental error in the
above logic, in that while it is true that
Equations 6 and 7 .satisfy Equation 5, it
is not true that Equation 5 impliea
Equations 6 and 7. Another way of saying this is that Equations 6 and 7 provide a particular solution of Equation 5,
but there is nothing in the above statement of the problem to warrant a restriction ofconsideration to this particular solution.
The logic by which Equation 5 is taken
to imply Equations 6 and 7 can be summarized bythe following theorem:
Tl. The only interesting^ solution to
the equation VX + V X F=0 is X = 0

and 7 = 0.

Applying this theorem to Equation 2
leads to an overly restrictive class of
solutions for the initial displacement
u0, because for nonzero a and b, the
theorem applied to Equation 2 leads to
V'~u0
and VX
of
Ji0 is= 0defined
by t^0 = 0. The Laplacian

v2^0=v(v«ro)- v x(vxro),

(8)

so that if the divergence and curl of ul
are zero, its Laplacian is zero as well.
Such a displacement vector is not of
much interest in elastostatics; for example, the initial displacements used
by Randall in applications of his representation (1964b, 1966) are not consistent with these conditions.
It might be argued that the theorem
Tl is applicable to the elastodynamical
equation, Equation 5, but not to the elastostatic equation, Equation 2, but there
is nothing in Randall's derivation (or in
Sneddon
and Berry's article) to justify
such
an assertion.
Others have employed the same
(Ewing, Jardetzky, and Press, 1957;
Takeuchi, 1959; Burridge and Alterman,
1972) or similar (Landau and Lifshitz,
1959) faulty logic as Randall and Sneddon and Berry in deriving wave equations in elastodynamics, but Randall is
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the only one who has applied the resulting equations extensively. Landau and
Lifshitz's derivation is different enough
from the others to warrant special attention.
Landau and Lifshitz^ Derivation
Landau and Lifshitz (pp. 99-100) represent the displacement vector u as the
sum of two parts
u -Ui + uT,

where

10.
V'Ur =0

and

vxiTL=o

(9

(ii)

Taking the divergence of Equation 1 and
using Equations 9 and 10 leads to
V-!a2V2TTL -d2/dt2uL | =0

(12)

Using Equation 10 one also has
VX \a2 V2TiL -d2/dt2uL\ =0 (13)
Landau and Lifshitz then state (p. 100),
T2: "If the curl and divergence of a
vector both vanish in all space,
that vector must be zero identiUsing T2, Equations 12 and 13 imply
cally."
a2V2~uL -d2/dt2T(L =0
(14)
Taking the curl of Equation 1 and using
Equations 9 and 11 and the theorem T2
leads to
62V277. -32/dt27iT =0
That there must be an error in this
(15)
logic can be seen by taking the static
limit of Equations 14 and 15, which then
leads to V2iT = 0, which — as discussed
above — is too restrictive an equation
for the displacement in elastostatics.
The error again is one of treating a particular solution as though it were a general solution in that T2 is too strong:
Equation 8 holds for any vector field; as
a consequence, zero divergence and curl
for a vector throughout some volume
imply that the Laplacian of the vector
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is zero. However, on the basis of the
given information, a stronger statement
than that cannot be made.
One cannot, therefore, infer the wave
equations. Equations 14 and 15. from
Landau and Lifshitz's derivation.
Discussion
A number of researchers contend that
even though the published derivations
of Equations 6 and 7 are in error, the
equations do give necessary as well as
sufficient solutions to Equation 1: L.
Knopoff (private communication, 1974)
claims that the necessity follows from
the fact that the solutions to Equations
6 and 7 form a complete set with respect
to Equation 1. and J. F. Gilbert (private
communication, 1974) says that Equations 6and 7 can be derived from Equations 1,3, and 4 using Green's function
techniques. Xo published reference for
either of these approaches was given,
and I have not yet succeeded in substantiating either of the above approaches
for the general case.
For nonzero forces, Equation 3 and inhomogeneous versions of Equations 6
and 7 provide a particular solution to
the amended version of Equation 1
(Love, 1904, 1927). Love discussed this
particular solution because it includes
the effects on the elastic system produced bythe forces.
Minster (1973) points out that initialvalue force-free problems can often be
reinterpreted as problems with forces
introduced at t = 0 by changing the
reference frame from the final equilibrium state to the initial equilibrium
state. If this line of reasoning were developed, itmight lead to a justification
of Randall's particular solutions for the
class of problems he wishes to solve.
Randall (private communication, 1974)
claims that he can derive some of his
results by introducing forces; nevertheless, his published derivation is at best
incomplete.
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Earthquake Radiation Spectrum
from Models with Concentrated
Prestress
J. Arthur Snoke

All currently popular source models
(Randall 1973a) predict a simple form
for the radiation-zone displacement
amplitude spectrum: the spectrum is
constant for long periods and decreases
as some positive power of frequency for
shorter periods. These two parts of the
spectrum are separated by a "corner
frequency" whose value is inversely proportional tothe linear extent of the rupture zone (with a model-dependent constant of proportionality). These source
models assume, explicitly or implicitly,
that the releasable prestress is uniformly distributed. The spatial clustering of
earthquakes (e.g., swarms and Benioff
zones) implies that in the earth the re-
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leasable prestress is not uniform; this
study investigates the effects a concentrated prestress has on the spectral
shape of the radiation-zone displacement amplitude.
A re ham beau 's Model
In the worked examples using Archambeau's stress relaxation model
(1968, 1972) the medium is elastically
homogeneous and the prestress is uniform and pure shear. The rupture zone
is a radially expanding zero-rigidity
sphere which grows uniformly at a
velocity vR to a final radius R0. Archambeau has shown that 95% of the total
energy released comes from a volume
whose radius Rs is only 5 times R0. On
the basis of his total-energy calculations, Archambeau decided to make the
approximation of replacing the infinite
source volume by a sphere of radius Rs .
The introduction of Rs has in no way
changed the physical assumptions of the
DIS PLACEMENT
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model: the medium before the rupture
is still homogeneous with a uniform prestress, and stress relaxation resulting
from creation of the rupture sphere still
occurs throughout all space. The only
justification for introducing Rs is as a
reminder that almost all the energy
release comes from a restricted volume.
Even so, Archambeau subsequently applied an Rs cutoff in the final stages of
his calculations of the spectral displacement amplitude. For the approximation
to be applicable in this calculation, the
spectral displacement should be insensitive to the specific choice of Rs, as was
the case in the energy calculations. That
this is not the case for this calculation
is shown in Fig. 122. A finite Rs results
in a zero in the far-field displacement
amplitude at zero frequency, which in
turn results in a dramatic low-frequency
spectral peak whose precise shape depends on Rs/Rq. (There is no inconsistency here: large changes in the longARCHAMBEAU'S
Uniform

SOURCE
THEORY
prestress
in a

Homogeneous

medium

10
QOI

o I
FREQUENCY

IN Hz

Fig. 122. The radiation-zone displacement amplitude spectrum calculated according to Archambeau 's
source theory, assuming a uniformly prestressed homogeneous medium. Different curves represent different choices for the ratio RS/RQ. The geometry is shown on the right.
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period displacement amplitude may
have a negligible effect on the total
radiated energy.) The introduction of
is therefore an inadmissible approximation in spectral amplitude calculations. (See Randall. 1973b, and Snoke,
Linde, and Sacks, 1973.)
Minster (1973) and Minster and Archambeau (1974) justify Rs in spectral
displacement calculations as a mathematical approximation to represent the
physically finite volume which is prestressed. However, Rs as introduced has
no obvious connection with the stress
distribution: the introduction of any
modifications to existing models resulting in a confined prestress must be done
at the formulation-of-assumption stage
in the development of the model.
Modi Is with Concentrated Prestress
Two ways to model a concentrated
prestress are to introduce localized
forces or to introduce inhomogeneities
in the medium. If the forces remain constant during the rupture process, the
stresses produced by these forces would
themselves remain unchanged and hence
could not produce any radiation. Forces
which varied during the rupture process
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could conceivably produce high concentrations of releasable prestress, but a
satisfactory way to handle such forces
in the context of known models has not
been found.
Following the alternative approach, a
redistribution of the prestress is obtained by the introduction of a discontinuity in the elastic properties in the
medium at a boundary which, for calculational simplicity, is taken to be the
surface of a sphere of radius RD concentric with the rupture sphere (see Fig.
123). In the examples discussed below,
the compressibility (k) was held constant, the inside rigidity (/u.,) was taken
greater than the outside rigidity (yu2),
and the inside Poisson ratio {ox) was
held at 0.25. (Such a situation is a rough
approximation of a Benioff zone in a
subducting plate bounded by a region of
partial melt.)
Theical input
model is for
the Archambeau's
static solution dynamfor the
displacement for the case of a rigidity
free (rupture) zone in the prestressed
medium. For the case shown in Fig.
123, the static displacement is obtained
by solving simultaneously six equations
which are boundary conditions for the

2'

2

NONUNIFORM
PRESTRESS
IN AN
INHOMOGENEOUS
MEDIUM
I. Discontinuity

in rigidity

and
at r/or
- RDcompressibility
(In worked

examples

{/j. )
(K )

k ,= k 2

f±^ > /x2 and o-( = 0.25
2. Prestress
uniform for r>>Rn

Pig. 123. Thf geometry and assumptions used in the model developed in this study.
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displacement and normal tractions at
R0 and RD The static dilation X * is
given by
x*(r,R0,RD)=A(d,<p) X

L (R0,R

D

+ M(R0,RD)r2r<R,
N(R0,R1
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i)

For RQ = 0, X * = 0, and for uniform
prestress L = N and M =njOfin,
0. A where
scalar
measure of the stress is

when the medium is homogeneous: the
velocities will have a discontinuity, and
there will be additional terms in the
equations proportional to o (r - RD I and
its derivatives. To produce a tractable
problem it is assumed that at RD the
density changes as well as the elastic
parameters so that the P velocity remains constant throughout the whole
space, and then only the P-wave radiation is solved for. Hence only the dilatation potential X is required. The additional terms in the resulting wave
equation for x are treated as a dynamical driving term, and, because of the

<5-functions, in the Green's function
n{ = x/r and the o^ are components of representation for the solution, these
the stress tensor. This quantity is plot- terms result in integrals over the surted as a function of distance in Fig. 124.
face of the sphere at r = RD .
This figure includes prerupture (R0 =
Following Archambeau's logic, it is
0) and postrupture (RQ = 10 km) geo- assumed that the dominant contribution
metries for four different rigidity ratios to the solution comes from the initial
value terms rather than from the sur(m2/m, = 1.0, 0.5, 0.3, 0.1) and RD =
100 km. The stress has been scaled to
face integrals in the Green's function
representation of the solution. The
unity in all cases as r— >oo. The prestress
concentration obtained here is modest:
infinite-space Green's function is used,
a rigidity ratio of 1 to 10 results in a and the initial values are obtained from
prestress ratio (origin/infinity) of 2 to 1. the X * given above. For the case of a
The discontinuity at RD means that homogeneous medium, Minster (1973)
the dynamical equations here are more "•""Mlshowed that the approximation involved
^2
in neglecting
the surface terms, called
complicated than the simple wave equations for the potentials which apply the "transparent source" solution, leaves
2.5
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Fig. 124. Plot vs. distance of a scalar measure of the stress before (R0 = 0) and after (i?0 = 10) a rup|RD
ture iorRD = 100 and for four different rigidity ratios fi2/nv (All distances
are in kilometers).
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out scattering and reflections at the suri
are. in this ease, the rupfaces which
ture-zone boundary and the surface of
the sphere o( radius Rn ). It is assumed
(but has never been proved) that these
neglected terms have little effect on the
solution.
In the context o( this model, the farfield displacement amplitude is found to
be radial, and its amplitude is given by
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where T is the total rupture time, Xj =
ucR /yj,, and y = yXz) with 2/(0) =0 and
//< 1 ) = 1. For a constant rupture velocity
y = z and T = R0/vR.
Results

Fig. 125. The (uncorrected) radiation-zone displacement amplitude is plotted vs. frequency for
rupture zone radius R0 = 10 km discontinuity
radius RD = 100 km and inside rigidity nl fixed
while the outside rigidity n2 varies. The corner
frequency, v (.= \/Svp/2vR0 - 0.5 Hz is taken from
Randall's (1973a) calculation for the vR = °° limit.
The corrected spectra for all values of //2 are given
by the no-discontinuity (yu2 = nj spectrum.

Figure 125 shows the far-field displacement amplitude spectrum for
RQ = 10 km, RD = 100 km and Mi held constant while the rigidity ratio is varied.
= 10 km/sec, and vp is constant and
equal to 4.5 km/sec throughout.) For frequencies above 0.2 Hz (^r% the corner
frequency) the spectral shape is independent of the rigidity ratio. As the
rigidity contrast increases, a peak becomes more pronounced. The position of
the maximum and the amplitude below
about 0.01 Hz are little affected by the
ratio, but the relative enhancement of
the peak is strongly affected. Note that
for m 2/mi= 1/10 (V3) the relative enhancement isa factor of 5 (2).
In Fig. 126 the rigidity ratio and R0
are held constant at Vz and 10, respectively, while RD is varied. For RD much

larger than R0, the peak position approximately scales with l/RD. As RD
approaches R0 the peak disappears. The
very long period amplitude is appropriately independent of RD , as it is sensitive only to the stress distribution for
r »RD and this is independent of RD
(See Fig. 124).
In Fig. 127 the rigidity ratio and RD
are held constant at xk and 100 km,
respectively, while R0 is varied and the
curves are scaled according to the volume of the rupture zone. Note that the
long-period level scales in rupture-zone
volume, the peak position is essentially
independent of RQ and the corner frequency (defined here as a frequency indicating the beginning of the rapid drop
off with increasing frequency) scales

6 z

dz
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with l/R0 so that the spectral shape
changes with R0.
The long-period structure in Figs. 125127 is insensitive to changes in the rupture velocity. The rupture velocity was
varied both by keeping it constant but
changing its value and by allowing it
to vary during the rupturing process.
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Q
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00
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CL

<

Nonuniform
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Correction

prestress

R0 and rigidities

fixed

After the above study was completed,
an expression for the above solution in
the time domain was derived. It was
found that nonzero radiation at a point
recommenced at a time tA = (r-RD)/vPi
where the rupture process is taken to
have begun at a time t = 0. Physically,
there can be no radiation before a time
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Fig. 126. The (uncorrected) amplitude is plotted
vs. frequency for R0 = 10 km, /x2 = 0.3/^ and Rq
varied.
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replaced by tx'= (r - Rs)/vP. Hence, independent ofwhether or not the introduction of Rs has any meaning physically, Archambeau's
on
its introduction
can besolutions
dismissedbased
on the

\
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i
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a factor of Ro3
v Signifies corner frequency

1
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t2 = (r - R0/vP) wmich is a much later
time than tv Hence the approximation
of neglecting the surface integrals in
Archambeau's model has led in this case
to acausal results. One can effectively
omit the acausal terms by neglecting
all terms in the above expression for
5A
I ar(r,oj)
| containing xD . This solution
represents the transparent source approximation for the rupture zone and
the total neglect of surface effects at RD .
This revised solution results in the elimination ofthe long-period structure in
Figs. 124-127; the spectra become essentially identical to the corresponding
no-discontinuity cases.
For Archambeau's results using Rs,
the same arguments apply if t1 above is

(Hz)

Fig. 127. The (uncorrected) amplitude is plotted
vs. frequency for RD = 100 km, n2 = 0.3m, andi?0
varied. The amplitudes are scaled by a factor of
R 3.

basis of causality.
Hence wre find that, at least for the
models considered, replacing a uniform
prestress by a concentrated prestress
has no effect on the long-period part of
the displacement amplitude spectrum.
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Depth Variation in Spectral
Content of Radiated Energy
from South American Earthquakes
A la) ( T. Linde

In studies aimed at an understanding
of the earth's interior by deciphering the
information contained in seismic waves,
it is often necessary to have a good estimate of the amount of energy radiated
in such waves. Magnitude (determined
from the amplitude and period of a
single half-cycle in the signal) provides
an ordering of events, but although empirical relationships between magnitude
and energy have been proposed, the limitations ofmagnitude as an energy indicator have long been well recognized.
Work such as that by Wu (1966) and
Chandra (1970) indicates that calculation- for radiated energy, made by considering the whole of the recorded arrival, give consistent results from the
stations used. Although some important
lirements were not well satisfied in
the studies cited above, the same method
.-. used in this study.

Method
For the two sets of South American
earthquake^ studied (one at ~ 600 km
depths, the other at ~» 200 km depths),
P, SVt and SH phases have been used to
arrive at estimates of the total radiated
energy. The signal is transformed into
the frequency domain, and corrections

INSTITUTION

are made for the effects of source radiation pattern, geometrical spreading of
the rays, anelastic attenuation in the
path, surface reflections, and the response of the recording instrument. Integration over a sufficient range of frequencies then leads to an estimate of the
energy radiated.
It is essential that this integration be
carried out over a frequency band (0.02
to 6 Hz for events studied here) such
that essentially all the radiated energy
is included. This was achieved in this
study by using records from the Sacks'
(1966) broad-band seismographs; no
arbitrary assumptions have been made
about the spectral energy distribution.
It is also necessary, however, to exclude those frequencies or bands of frequencies for which the signal is not appreciably above noise; the standard procedure adopted in this study is to
analyze a section of noise immediately
preceding the signal, using the same
sample length and window function for
both analyses. The signal-to-noise ratio
can then be determined as a function of
frequency. Correction for the noise content of the signal cannot be done precisely; phase relationships between signal and noise components cannot be determined. Itis assumed that, for the
complete frequency band, signal energy
and noise energy are additive, and a
simple subtractive correction is made.
Errors in this procedure will have little
effect on the results, however, since in
all cases the noise signal was small (typically 107r or less) compared with the
energy in the signal plus noise spectrum.
After frequency analysis, corrections
for instrument response must be applied. Since these corrections are a function of frequency and since energy is
proportional to the integral of the square
of the velocity spectrum, it is important
to perform the frequency analysis in
a way that introduces as little error
as possible over the spectrum as a whole.
It is therefore desirable to apply a time
domain window which has small side
lobes in its transform, since the calcu-
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lated spectrum is the result of convolving the "true" spectrum with the transform of the window function; the Hamming window has been used here. It is
also necessary to minimize time domain
distortion effects of the Hamming window; as routine procedure, analysis is
made of a sample length two or three
times as long as the duration of appreciable signal energy arrival (as determined byvisual inspection of the record).
This duration of energy arrival is centrally located in the sample length. A
general rule for window length cannot
be stated, since it depends on the nature
of the arrival (e.g., on whether the energy arrives over a long or short time
interval), on truncation by later arrivals,
and on the signal-to-noise ratio (increasing the total window length results in an
apparent decrease in the signal-to-noise
ratio; the signal has finite length,
whereas the noise is continuous).

tion has been made for a crustal transfer
function. These functions are generally
calculated for plane-layered crustal
models that are probably crude approximations to the actual crust. More important, however, is the fact that, even
for such models, the effect on the energy
determination will be small if (as is the
case for the stations used in this study)
the seismometer location is well chosen
(i.e., on solid rock) and if a sufficiently
broad frequency band is used (e.g.,
Howell et al, 1970, Fig. 13).
Results and Discussion

The events studied and the locations
of the South American broad-band seismographs used are shown in Fig. 128.
The station at DTM was also used. Estimates of the energy in P, SV, and SH
phases have been summed for the total
radiated energy. As in previous studies,
we find that, in general, the S waves
Corrections for effects in the genera- carry most of the radiated energy. Figure 129 shows the results of the energy
tion and propagation of the waves must
then be made. Amplitudes are not radi- determinations. For reference, one of
ated isotropically from the source, and the proposed empirical relationships
a correction, in terms of the fault plane (Bath, 1966) between energy and magnitude isalso given.
solution, is needed for the radiation patAlthough the results cluster around
tern. Ben-Menahem et a/., (1965) have
given the appropriate expressions, and, the empirical relationship, there are sigprovided the fault plane solution is
nificant differences. Compared with the
known, the correction can be routinely energy determinations of this study, the
applied. In this study, use has been made magnitude values calculated by the U.S.
of fault plane solutions by Khattri Coast and Geodetic Survey often differ
(1969) and Mendiguren (1966, 1969). In by half a magnitude unit or more. The
cases where the station is close to a node magnitudes of the 200-km events generally give an overestimate of the energy
in the radiation pattern, the energy calculation has been given little weight radiated, compared with the results of
compared with results from other sta- this study, while the opposite is true for
tions because the correction factor is the 600-km events. There also appears
then sensitive to small errors in the fault to be a trend for the discrepancy to increase with event size.
plane solution.
Bullen (1963) has given the corrections
Such a bias in this comparison might
result
from a number of causes. For the
to be applied for geometric spreading of
the rays during propagation. The effects larger events the magnitude determinaof anelastic attenuation have been altions are weighted heavily by readings
lowed for by using Q values obtained by from more distant stations, and if the
Sacks (1971) for the same paths as those differences noted were due to path efappropriate to this study. Corrections
fects, they would have to result from an
for free surface effects as given by anomalous region between the two sets
Bullen (1963) have been used. No correc- of sources. In fact, this is a region of
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Fi[£. 128. Locations of the broad-band seismographs and the events studied. Events at about 200 km
are shown by crosses, dots represent events at 600 km. Broken lines approximately delineate regions in
which deep events occur.

very high attenuation (Sacks, 1971) and
should tend to produce an effect opposite
to the one noted. Also, geometric orientation of the fault planes is not such as
to lead to this bias in the records of the
numerous North American stations.
It does appear, however, that there is
a difference between the two sets of
events in terms of the source radiation.
Figure 130 shows the variation in the
ratio of high-frequency energy to that in

low frequencies, with the dividing frequency being about 1 Hz. (This ratio is
less dependent on corrections than the
total energy itself because all the frequency-independent corrections cancel.) The relative difference between the
two sets of events in the variation of this
energy ratio is consistent with the differences inthe energy-magnitude variations. The body wave magnitudes are
determined from the amplitudes of per-
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Fig. 129. Calculated radiated energy vs magnitude; crosses for 200-km events, dots for 600-km events.

iods about 1 sec, and since, for the larger
events, the 600-km deep events radiate
relatively less energy at short periods,
the magnitude gives an underestimate
of the total energy radiated.
Simple source theories together with
a similarity principle do not lead to the
results of Fig. 130. A possibility is that
the stress drop varies differently with
size in different regions. If this proves
to be so, the problem of determining the
physical properties of the source region
by using seismic source theories would
be more difficult than is generally recognized.
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provement ofthe signal-to-noise ratio
of up to an order of magnitude.
A more serious source of noise is
water movement in a local aquifer. Unlike the atmospheric effects, motion in
the aquifer can result in local strains far
in excess of the amount which results
from a simple calculation based on
change in water level applied to a uniform elastic medium; this amplification
factor can be as much as many hundreds. Instruments such as extensometers, borehole strainmeters, or tiltmeters are affected by aquifer noise.
The largest effects have been found on
extensometers; much smaller effects on
borehole instruments may be a result
of their greater effective depth (50 m).
Figure 131 shows the effect of rainfall
on an extensometer in the Sanriku region of northeastern Honshu, Japan. It
can be seen that enormous strain results
from a few millimeters of rain.

Strainmeters: Long Period Noise
/. S. Sacks

Reliable measurements of earth strain
end on the fidelity of both the instrument used and the behavior of the rock
in the immediate vicinity. The linearity
of a borehole strainmeter in its surrounding rock has been confirmed using
as a vibration source explosives detonated in a nearby borehole (Sacks et a/.,
1971).
Noise has been found to be due to the
:al environment rather than the
strainmeter itself. At periods longer
than about 30 seconds (shorter period
noise is dominated by microseisms)
atmospheric pressure fluctuations cause
variations in the local strain field. This
effect is inversely proportional to the
bulk modulus of the rock. We have
shown (Sacks and Evertson, 11)70; Sacks
et fil.. 1971 1 that comparison with a
microbarograph
array allows an im-

Fig. 131. Strain resulting from rainfall. The
rain starting on day 8 eventually gets into the
aquifer (just before day 9) causing a local strain
buildup over the next day, even though the rainfall
is diminished. The strain change is about 60 times
greater than would be expected from water loading of a uniform elastic medium. These data were
kindly
provided by the staff of the Imaide-yama
Observatory.
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An approximate amplification factor
can be calculated as follows: Amp =
measured strain/strain expected, assuming an elastic medium. Some
assumptions are necessary in the calculation of expected strain because of uncertainties inthe parameters controlling the runoff of the water and the
mechanism by which the water gets into
the aquifer. The time constant of the
aquifer can be determined from observations ofthe time lag between rainfall
and resulting strain. The time constant
for the example shown in Figure 131 is
about one day. We assume that all the
rain that occurs during one time constant is available to load the rock.
During a 24-hour period starting on day
8 (Fig. 131), 10.7 cm of rain fell, equivalent to an applied pressure of 0.01 bars;
for rock with a bulk modulus of 7 X 105
bars, calculated strain is 1.4 X 10-8. The
measured strain caused by this episode
of rainfall was 8.8 X 101 The amplification for this site is therefore 60.
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Any disturbance of the aquifer may
be expected to have a large effort on recorded strain if the strainmeter is near
the aquifer. Because of the low-pass
filter characteristics of the aquifer, local
disturbances whose period is less than a
few times the time constant do not propagate over large distances. An example
of the low correlation of the noise on two
borehole strainmeters just 300 m apart
is shown in Fig. 132. Bimorph 1 is fairly
near (less than 100 m) an automatic
pumping station. The noise level at periods of V2 to 3 hours is about 3 X 10- \ At
the second borehole strainmeter site
(bimorph 2), the noise level at these
periods is about 5 X 10 n, which is about
that expected from atmospheric pressure fluctuations. However, the flow in
aquifers is fairly complicated; distance
from a well does not always guarantee
low aquifer noise.
Lack of shorter period noise (period
less than a few days) does not guarantee
stability over much longer periods be-

2.3XIO"8

(Higher gain)

I8h

(X50)

I9h

20 h
21 h

22h

Fig. 132. Comparison of the records from two borehole strainmeters 300 m apart. The upper and lower
sets of recordings were made for the times indicated on the same day. The upper trace in each set is from
bimorph 1; the lower two traces are from instrument 2, (bimorph 2) at different gains. The sensitivities
to strain are marked on the upper traces. The earth tide periods are attenuated by about 25 times as
much noise (at periods less than a few hours) on instrument 1 as on number 2.
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Cosmic-Ray Research

tions, first by Babcock and later by
Howard, at Mount Wilson Observatory
since about 1953 show that the north
polar magnetic field of the sun changed
from positive to negative in 1958 and
from negative to positive in 1971. These
reversals coincided with the reversals
in the component W of the cosmic-ray
diurnal anisotropy in the asymptotic
direction 128° east of the sun. This
reversal of W in 1971 was indicated
solely by the negative value for 1971 of
W, which had been positive from 1959
to 1970 (see Fig. 133). Since the standard
deviation of the open circles from Ws in
Fig. 133 is about 0.018%, the reversal of
W in 1971 is now more reliably established bythe determination of WG when
the values of W for 1972 and 1973 are
taken into account, as in Fig. 133.
The yearly values of the component V
(not shown), with maximum in the
asymptotic direction 90° east of the sun,
are correlated with magnetic activity
(/• = 0.75) and exhibit a variation, analogous to that in sunspot numbers, with
a range in each solar cycle of roughly
0.12%.
The amplitude of Ws , about 0.07%,
is only about one-tenth of the standard
deviation of hourly values at one station, which indicates one reason why
the reliable determination of Ws required data from three stations over
several decades. It will be of interest to
see whether observations of cosmic radiation from satellites show effects
which may also be connected with the

S K. Forbvxh and L. Beach

reversal
of the sun's poloidal magnetic
field.

cause an aquifer with a very long time
constant at a large distance from an
active well may have small short -period
noise yet be very sensitive to the water
level in the aquifer, which could change
from year to year. Although aquifer
noise is most apparent (on instruments
with sufficient sensitivity) at periods of
— than a few days, presumably the
same mechanism can affect the stability
o( the base line and. therefore, the secular strain measurement. This is of considerable importance in earthquake
prediction.
Conclusions
We have found that noise induced by
water movement in the aquifer is the
most serious source of noise at periods
of interest in earthquake prediction. To
ensure reliable base lines, strainmeters
should be installed at depths considerably greater than the 50 m used in our
first installations. In addition, a multiple installation consisting of, say,
three strainmeters in a 1-km array is
advisable.
References
Sacks. I. S., and D. W. Evertson, in Carnegie Inst.
Wash. Year Book 68, pp. 448-452, 1970.
Sacks. I. S., D. W. Evertson, and L. M. Dorman, in
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Cosmic-ray diurnal anisotropy lfh>71973 and the reversals of the suns poloidal magnetic field. The Annual Report for 1971-1972 (Year Book 71) container! adiscussion of the variation,
from YXM to 1971, of the components of
V and W of the cosmic-ray diurnal
anisotropy obtained from Carnegie Institution of Washington ionization
chambers at Huancayo (Peru), Cheltenham-Fredericksburg (U.S.A.), and
Christchurch (New Zealand). Observa-

Observations and reduction of data.
Cosmic-ray ionization chambers were
operated throughout the report year at
Huancayo, Peru; at Fredericksburg,
Virginia; and at Christchurch, New
Zealand. Scalings and reduction of records have been maintained for these
three stations. The reductions have been
greatly facilitated by the use of the IBM
1130 computer.
Cooperation in operation of cosmicray meters. Appreciation is expressed
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to the National Oceanic and Atmospheric Administration and the staff of
its magnetic observatory at Fredericksburg for efficient operation o( the
cosmic-ray meter there during the past
report year, and to the Government of
Peru and the Director and staff of the
Institute GeofSsico del Peru for making
cosmic-ray records from Huancayo
available. Appreciation is also expressed
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to the Director and staff of the Geophysical Observatory at Christchurch,
New Zealand, for the excellent maintenance of the equipment there and for
the fine records obtained.
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BIOPHYSICS
E. T. Bolton, T. I. Bonner, D. B. Cowie, M. B. Davis, B. H. Hoyer, N. R. Rice,
R. B. Roberts, and D. G. Wallace

Introduction
Cowie and his collaborators at the
Institut Pasteur have further demonstrated the usefulness of immunoadsorbents for the detection and characterization ofa number of conformational
states of an allosteric enzyme, aspartokinase I-homoserine dehydrogenase
(AKI-HSDI). These antibody-antigen
studies showed that the binding capacity
of the enzyme to the antibody can be altered by the presence of ligands such as
threonine, aspartate, and homoserine
dehydrogenase substrate. The homoserine activity and threonine sensitivity
of the antibody-bound enzyme has been
measured. Significantly, the passage of
homoserine dehydrogenase substrate
through an immunoadsorbent column
containing AKI-HSDI induces the dissociation ofthe tetrameric form of this
enzyme, presumably into dimers and
monomers. The kinetics of this process
and the characteristics of the dissociation products have been investigated.
Additional studies using various immunoadsorbcnts gave results indicating
that the majority of the antigenic determinants carried by the aspartokinase
region of AKI-HSDI are not accessible,
in the presence of threonine, to the antibody. These results are consistent with
a model previously proposed (Veron et
a I., 1973) where aspartokinase regions,
organized as a "core," are surrounded by

the homoserine dehydrogenase regions.
Wallace has pursued an evolutionary
study of the higher plants by determining the similarity from species to species
of the plastocyanin molecule, a protein
which is a component of the photosynthetic electron transport chain. He has
prepared antisera to both spinach and
nettle plastocyanins and has measured
their cross-reactivity with plastocyanins
from various other plant species. Results to date have implications not only
for an understanding of higher plant
evolution (called by Darwin "one of the
greatest
natural evolution")
but also riddles
for an in
understanding
of the
tertiary structure of the plastocyanin
molecule.
Bonner has continued his study of
that fraction of mammalian DNA which
is capable of a very high dej^ree of intrastrand base-pairing after denaturation
of the native double helical molecules.
These sequences are of interest because
several pieces of evidence correlate this
property with functional qualities,
either in messenger RNA sequences
coding for proteins or in control sequences which limit the transcription or
translation of messenger sequences. He
has found that several percent of the
DNA from human or mouse cells are
capable of forming hairpin molecules
with nearly perfect base-pairing over
surprisingly long lengths — 1000 to 2000
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nucleotide pairs. These well-paired regions have been isolated in a form which
should allow their function to be determined.
Rice has undertaken a detailed study
of mouse satellite DNA, the 8% or so of
the mouse genome which consists of a
short nucleotide sequence repeated millions of times. Similar DNA elements
exist in nearly all eukaryotic organisms
and range from less than 1% to as much
as half of the entire DNA. Both their
function and their origin are completely
unknown. Rice has found that the mouse
satellite consists of more than simply a
tandem arrangement of its many copies,
for other sequences are apparently interspersed among the highly repetitious
ones. Results indicate that the satellite
consists of a basic sequence of about 50
nucleotides which is tandemly repeated
in stretches of average size 750 nucleotides, but that spacing the many 750long tracts are regions of up to 60 nucleotides which fail to base-pair on reassociation. It is hoped that characterization of these regions will contribute
to an understanding of satellite evolution and function.
Davis has investigated what may be
a related phenomenon — secondary
structure in the single-stranded RNA of
several closely related bacterial viruses.
He suggests that evolutionary change in
base sequence proceeds at a significantly
higher rate in regions of the RNA molecule which are not base-paired than in
regions where extensive base-pairing
exists. This may imply that base-paired
regions perform some as yet unknown
function which results in their being
relatively conservative in terms of
evolution.
Protein-Protein

Interaction

Dean B. Cowie, Georges N. Cohen, * and
Paolo Truffa-Bachi*

The conformation state of globular
proteins is known to depend on the ionic
and molecular
environment.
Indeed,
*Institut Pasteur, Service de Biochimie Cellulaire, Paris, France.
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studies concerning the binding and interaction ofspecific ligands (usually
small molecules such as threonine and
aspartate) have provided much of the
data characterizing enzyme structures,
possible conformational states, and control mechanisms regulating catalytic
activities. Additional conformation
changes may be induced by antigenantibody interaction. Antibody binding
inhibits some enzymes completely, some
partly, and others not at all. A few cases
have been reported where antibodyinduced activation occurs. Probably the
first reported example (Cowie et «/.,
1961) demonstrated that the addition of
anti-/3-galactosidase increased the enzyme activity four- to six-fold, presumably as a result of conformational
changes of the associated polypeptides.
This year we have investigated other
antigen-antibody interactions using immunoadsorbent columns (Cuatrecasas
and Anfinsen, 1972) containing antibodies specific for wild-type E. coli K12
aspartokinase I-homoserine dehydrogenase I (AKI-HSDI) (Cowie et al,
1973b). Our studies concern this key bifunctional protein, a tetramer with identical subunits existing in two main conformations in equilibrium: one active
(R), stabilized by K+ and L-aspartate;
the other, inactive (T), stabilized by Lthreonine (Janin and Cohen, 1969).
Fixation of AKI-HSDI to the
Antibody Column
When saturating quantities of pure
enzyme were loaded in buffer At on an
antibody column specific for AKI-HSDI,
1.4 mg of enzyme was bound. This value
for the binding capacity of the column
was obtained whether the enzyme was
loaded and washed with buffer A or
with buffer A supplemented with 2 X
10-3 M L-threonine (buffer AT).
When buffer A supplemented with
10~2 M L-aspartate is used to load and
wash the column, the binding capacity
t Buffer A = 2 X 10~2M potassium phosphate,
pB.
7.2, containing 2 X 10"3 M Mg Titriplex and
0.15MKC1.
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is found to be only 0.56 nib. Substitution
of L-aspartate with 10 2 M D-aspartate
or [/-glutamic in the buffer solution
permits a normal binding capacity of 1.4
mg o( enzyme, indicating the stereocificity of the reaction (Cowie et ai.
1973a ».
These results demonstrated that the
antibodies against AKI-HSDI are able
to distinguish between two conformations of the enzyme. The form predominating in the presence of threonine (T
form i must have antigenic determinants exposed to react with corresponding sites on the antibody, which become
Less available in the presence of aspartate \R form). The transition from the
T to the R form, however, can be
achieved not only with aspartate but
also with K" ions, and the concentration
of K~ in buffer A (routinely used for
these experiments) is such that the protein is already in the R form before the
aspartate or threonine is added.
■T
The following equilibria can be postulated:
threonine

indicating that the column was saturated. Both the homoserine dehydrogenase
activity and the threonine sensitivity of
the antibody-bound enzyme can be determined byflowing substrate* solution
through the column and measuring, immediately after elution (Feldmann et a/.,
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where i?, and R2 are two different conformational states which are differentiated by the presence of aspartate. Since
for this enzyme, KC1 and aspartate produce the same variations in hydrogen
exchange properties (Takahashi and
Westhead, 1971) and show similar or
identical spectroscopic properties (Janin
and Cohen, 1969) R} and R2 must be
identical in these respects. These results, however, demonstrate thati^ and
R2 differ by their reactivity to the same
antibody column.
Activit ,f of the A n tibody-Bou n d Enzyme
In the above experiments the capacity
of the immunoadsorbent column was
determined by adding successive known
enzyme loads, following each enzyme
addition with a wash with buffer A
(with or without appropriate supplements) until homoserine dehydrogenase
activity was observed in the eluates,

>-

SUBSTRATE

0
TIME

100
IN MINUTES

200

Fig. 134. An immunoadsorbent column, specific
for wild-type AKI-HSDI, was loaded with purified
enzyme in buffer A. Homoserine dehydrogenase
substrate solution was then pumped through the
antibody column. After 60 minutes the substrate
solution was supplemented with L-threonine
(10-2 final concentration) and at 100 minutes substrate solution supplemented with L-aspartate
(10_2final concentration) was pumped through the
column. Eluate samples were collected every 10
minutes and immediately measured for enzyme
activity. Flow rate of substrate solution through
the column was 0.67 ml per minute.
*Homoserine dehydrogenase substrate solution:
10 ml M Tris, pH 9.0, 25 ml M KC1, 10 ml 2.5 M
L-homoserine, and 10 mgNADP
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1972), the absorbency of the eluates at
340 m^ (Patte et al., 1966). The enzyme
activity on the column can be calculated
from the absorbency values and the
measured flow rate of the substrate
solution.
Figure 134 demonstrates that initially
the antibody-bound homoserine dehydrogenase Iis active and sensitive to
ligand supplements. In this experiment
substrate is added to the column. After
an apparent steady-state value of enzyme activity was reached, the substrate solution was supplemented with
L-threonine (10 2 M final concentration)
and then used to perfuse the column.
The addition of this ligand reduced the
enzyme activity by 37%. The threonine
inhibition of the free enzyme is 69%.
Reactivation of the antibody-bound enzyme results when substrate solution
containing L-aspartate (102 M) or when
substrate solution alone was used to
perfuse the column. While these data
indicate sensitivity to ligand supplements, itis evident that the antibodybound enzyme responds somewhat differently than the free enzyme.
Dissociation of the Tetrameric Form
of the Enzyme
During the passage of the homoserine
dehydrogenase substrate solution
through an enzyme-loaded antibody
column it was observed that (1) the
enzyme activity on the column decreased with time; (2) residual enzyme
activity appeared in the eluates; and (3)
the maximal enzyme activity observed
on the column was never equal to the
quantity of enzyme loaded on the column. Since enzyme loads were below
column saturation values and no enzyme
activity is eluted by washing the column
with buffer A, it was concluded that the
addition of the substrate solution to the
antibody-antigen complex causes conformational changes resulting in the
release of enzyme from the immunoadsorbent.
Figure 135 shows the kinetics of the
elution process. It is evident that the
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Fig. 135. Kinetics of the elution of antibodybound enzyme. 1000 units of purified AKI-HSDI
loaded on antibody column in buffer A (capacity
1300 units). Homoserine dehydrogenase substrate
was passed through the column at a flow rate of
1.0 ml/minute. Open circles = optical density of
eluate fractions measured at 340 M/j. immediately
after passing through the column. These values
correspond to the amount of active HSDI units
present on the column. Solid circles = active HSDI
enzyme removed by substrate solution. These values were obtained by measuring the residual enzyme activity contained in the eluate fractions
after the initial optical density determination had
been made.

process is a complicated one. A maximum of enzyme activity is observed
soon after the flow of substrate is initiated, followed by a rapid loss of column
enzyme activity which eventually decreases asymptotically to a slower rate.
Figure 135, lower curve, also shows that
the quantity of active enzyme in the eluate fractions is not sufficient to account
for the observed loss of column enzyme
activity. While the rapid loss of column
enzyme activity persists for more than
a hundred minutes, the appearance of
active enzyme in the eluate fractions is
negligible after the first fifty minutes.
The homoserine dehydrogenase in the
eluate fractions is sensitive to threonine:
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that remaining on the column retains
sensitivity to this ligand only duringthe
period in which the rapid loss is observed. As the rate o( column activity
declines, approaching the asymptotic
slow rate of loss, there is a corresponding decrease in threonine sensitivity,
i After about a hundred minutes the
threonine inhibition is observed to be
only a few percent.) It is apparent that
there is not sufficient active enzyme appearing in the eluate fractions to account for the amount of lost column
enzyme. Either some column-bound enzyme is inactivated or inactive enzyme
is present in the eluate fractions.
Results from experiments using crude
extracts of E. coli K12 strain Tir 8*
"Strain
is a genotypically de-repressed
mutant of E.TircoliS K12.
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labeled with C14 L-leucine demonstrated
that the rate of loss of labeled protein
from the column was equal to the initial
rapid
activity.rate
f of loss of column enzyme
For example, Fig. 136 shows that the
elution kinetics of antibody-bound homoserine dehydrogenase from crude extracts are similar to the kinetics obtained with purified enzyme. The rate of
loss of labeled protein during this elution process is shown in Fig. 137. This
exponential rate of loss, shown in Fig.
137, continues at the same rate until
background counts are observed. It is
fit has been previously demonstrated that the
capacity of the AKI-HSDI antibody column is the
same for purified AKI-ASKI as for that enzyme
present in crude extracts of E. coli cells (Cowie et
al., Year Book 72).

500

50
TIME

IN

100
MINUTES

Fig. 136. Kinetics of elution of antibody-bound enzyme. E. coli K12, strain Tir 8, grown overnight in
synthetic medium containing Cu L-leucine. Cells were harvested, washed in buffer A, sonicated to break
cells, and centrifuged to remove cellular debris. The supernatant (crude extract) was used to load antibody column. Load was 800 units of active enzyme (column capacity = 1300 units). Enzyme activities
measured as in Figure 135.
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evident that very little protein is eluted
after the first hundred minutes. The
homoserine dehydrogenase activity remaining on the antibody column (about
a quarter of the enzyme loaded on the
column) slowly becomes inactive but
without further detectable elution of
protein. Figure 137 also shows that the
loss of radioactive protein during the
elution process is directly proportional
to the initial rapid rate of loss of enzyme
activity from the column. These data are
obtained by subtracting the values of
the slow component, Fig. 136, from the
values of the total enzyme activity on
the column. The appearance of active
enzyme in the eluate fractions, however,
shows a different kinetic picture as
shown in Fig. 137. Insufficient active
-5000

TIME

IN MINUTES

Fig. 137. Elution of radioactive protein from
antibody column. X's = radioactivity in eluate
fractions; solid circles = active enzyme in eluate
fractions; open circles = homoserine dehydrogenase activity on column. These values were calculated bysubtracting from total column activity
shown in Figure 136, the residual column activity
(slow component, dashed line, Figure 136).
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ANTI BODC

TETRAMER

DIMERS

Fig. 138. Proposed scheme for the dissociation
YV.V/1-'.
2k2. antibody-bound tetramer. kx and k2 are the
of= the
rate constants of the dissociation process, and kx

enzyme is present in the eluates to account for the quantity of eluted protein.
These results indicate that inactive
enzyme must be present in the eluate
fractions.
The kinetics of formation of this inactive fraction are represented by the
dashed curve shown in Fig. 137. This
curve is the difference between the rate
of loss of radioactive protein from the
column (curve A) and the rate of loss of
active enzyme from the column (curve
B). It should be noted that the slopes of
these two exponential curves differ by a
factor of 2.
One interpretation of these results,
consistent with all the data presented, is
shown schematically in Fig. 138. The
tetrameric enzyme is bound to the antibody by a site (or sites) of one or two
subunits of the enzyme. The addition of
the homoserine dehydrogenase substrate solution allows the dissociation of
the tetramer into two dimers, one remaining attached to the antibody, the
other removed by the eluting substrate
solution. Both dimers are enzymatically
active, each having the activity of the
native tetramer. Both dimers are sensitive to L-threonine. Further dissociation of both dimers occurs; the free
monomers released are enzymatically
inactive. Those monomers remaining
attached to the antibodies remain active
for a while, each having a quarter of the
enzyme activity of the native tetramer.
Thus, the antigen-antibody association

CARNEGIE

1068
confers a conformational state upon the
subunit which differs from that of the
unattached subunit. The attached subunit, however, is insensitive to threonine.
In some of these kinetic experiments
where the dissociation of the tetramer is
followed for longer periods of time, it
was found that the final values for the
activity remaining on the column were
approximately equal to a quarter of the
original enzyme load. This result is consistent with the model.
The dissociation process is not due to
proteolysis of either the enzyme or the
antibody. The immunoadsorbent column isused repeatedly for many months
without change in its capacity to bind
enzyme, and antibody-bound enzyme retains its activity in buffer A for many
days. Furthermore, it has been shown
that even partial proteolysis of the native enzyme yields dimers which are insensitive to threonine without losing
homoserine dehydrogenase activity
(Yeron et a/.. 1973). Enzyme activities
in the eluate described above are threonine sensitive.
Evidence that the Aspartokinase
Regions A re Buried
in the Native Enzyme
It should be noted that antibodies
against the aspartokinase regions of
this bifunctional enzyme (AKI-HSDI)
are present in antisera produced with
the native enzyme. A model previously
proposed (Yeron et a/., 1973), however,
suggests that the aspartokinase regions
are organized as a core surrounded by
homoserine dehydrogenase regions.
Such a model would predict that the
binding of native enzyme with the antibody against it involves sites located on
the hydrogenase region.
Additional collaborative studies with
members of the Institut Pasteur, Paris,
France, gave results which support this
conclusion (Costrejeanetol., manuscript
in preparation) and indicate the importance of the conformational state of the
enzyme in the antibody-antigen reaction.
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Immunoprecipitation of pure wildtype enzyme by antibodies against the
aspartokinase I of GIF 101* results in a
faint band when the diffusion occurs in
buffer containing threonine. However,
when the immunodiffusion is carried
out in buffer devoid of threonine, a
strong precipitation band is observed.
The fact that more antigen is precipitated in buffer without threonine was confirmed by an independent method. The
ability of an immunoadsorbent column
made with anti-Gif 101 antibodies to
retain the wild-type enzyme was therefore measured with and without threonine added to the buffer. As shown in
Table 13 the capacity of this column in
buffer AT is very low compared to the
capacity measured when the immunoadsorbent was equilibrated in buffer A.
This result is very different from those
obtained using an immunoadsorbent
prepared with the antibodies against
the wild-type enzyme. In that case, the
same capacity is observed whether the
column is equilibrated with buffer A or
buffer AT. The enormous enhancement
of reactivity of the anti-Gif 101 antibodies against the wild-type enzyme,
when threonine is omitted, shows that
in the absence of this ligand, antigenic
determinants on the wild-type protein
*E. coli K12 strain Gif 101 (Janin et al, 1967)
carrying an ochre mutation in the thr A cistron
without
homoserine
dehydrogenase
activity.

TABLE 13. Immunoadsorbents Prepared Against
Wild-Type and Mutant Enzyme: Determination of Their
Capacity According to the Presence or
Absence of Threonine
Immunoadsorbent capaciti
Anti-wild type
Anti-Gif 101
Antigen

Without
threonine

With
threonine

Without
threonine

1.15
2.3

0.37

With
threonine

Wild-type
enzyme
Gif 101
enzyme

1.16
0.71

0.01

0.97
3.2

"Capacities are expressed in nanomoles of subunits
bound per milliliter of immunoadsorbent.
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are exposed, while they must be unavailable in the presence of threonine. Threonine isknown to stabilize one of the two
main states of this allosteric protein.
It is interesting to note that immunoadsorbents prepared with either antiwild-type or anti-Gif 101 enzyme (Table
13) retained more Gif 101 enzyme when
threonine was included in the buffer.
This result is not unexpected if one recalls that the tetrameric form of the
GIF 101 enzyme dissociates to the
monomeric state in the absence of threonine (Janin et al, 1967). The reasonable
assumption is that one molecule of antibody can retain either a tetramer or a
monomer. Moreover, this strongly suggests that no dissociation of the tetrameric Gif 101 occurs on binding with the
antibodies, provided threonine is present.
Conclusions
The results presented above have further demonstrated the usefulness of
immunoadsorbents for the detection and
characterization of a number of conformational states of the allosteric enzyme
AKI-HSDI. These antibody-antigen
studies show that the binding capacity
of the enzyme to the antibody can be altered by the presence of ligands such as
threonine, aspartate, and homoserine
dehydrogenase substrate. The homoserine activity and threonine sensitivity of
the antibody-bound enzyme has been
measured. Significantly, the passage of
homoserine dehydrogenase substrate
through an immunoadsorbent column
containing AKI-HSDI induces the dissociation ofthe tetrameric form of this
enzyme, presumably into dimers and
monomers. The kinetics of this process
and the characteristics of the dissociation products have been investigated.
Additional studies using various immunoadsorbents gave results indicating
that the majority of the antigenic determinants carried by the aspartokinase
region of AKI-HSDI are not accessible,
in the presence of threonine, to the
antibody. These results are consistent

with a model previously proposed (Veron
etal, 1973; where aspartokinase regions,
organized as a core, are surrounded by
the homoserine dehydrogenase regions.
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Immunological Comparisons of
Higher Plant Plastocyanins:
Phylogenetic Implications
Donald G. Wallace and Donald Boulter*

The Flowering Plants include over a
half million described species and make
up a large proportion of the terrestrial
biomass. It is probably fair to say that
terrestrial animal life, particularly the
vertebrates and insects, is almost totally
dependent upon the Flowering Plants
for its existence. In spite of the importance of this vast group, little is known
about its origin or about phylogenetic
relationships at the interordinal level.
The reason for this state of affairs is
that there is a gap in the fossil record
from the Upper Permian (200 million
*Department of Botany, University of Durham,
Durham, England.

1070
years ago) to the mid-Cretaceous (120
million years ago). Before the gap there
are recorded fossils for algae, mosses,
ferns, and gymnosperms, but none for
Flowering Plants. By the mid-Cretaceous, many of the modern families of
Flowering Plants suddenly appear.
Faced with this lacuna in our knowledge,
which Darwin called "one of the greatest riddles in natural evolution," botanists have been forced to use morphological data to derive phylogenies of
Flowering Plants. This has been successful— at least, a consistent picture has
emerged — for taxa below the level of
the family. For example, members of
the Daisy Family or of the Rose Family
seem to form discrete clusters. In several cases, intrafamilial phylogenies
have been developed.
Above the family level, though, there
is conflict. Several different schemes are
extant (Cronquist, 1968; Bessey, 1915;
Takhtajan, 1969). They agree on some
points but differ widely on others.
A possible way to resolve the points of
disagreement is to examine other kinds
of data. One attractive source of new
data is the amino-acid sequences of
homologous plant proteins. The use of
protein sequence comparisons to construct phylogenetic trees is well established, although almost all efforts have
involved mammalian proteins. Protein
sequence trees, using data from cytochromes c, hemoglobins, fibrinopeptides, and other proteins are in good
agreement with those derived from nonmolecular evidence (Dayhoff, 1972;
Romer, 1966).
With these facts in mind, one of us
embarked on a program to sequence
cytochromes c and has constructed a
phylogenetic tree for more than twenty
species of plants based upon cytochromes (Boulter et a/., 1972; Boulter,
11*73). Another plant protein which is
under study at Durham is plastocyanin,
a component of the photosynthetic electron transport chain. Using the same
approach as for cytochrome c, the
amino-acid sequences of several higher
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plant plastocyanins
have now been
completed.
In spite of the relative ease with which
sequencing data can now be obtained, it
is still difficult to examine large numbers of species by this method. Since
there are over half a million species of
higher plants, it is obvious that a supplementary method of greater convenience is desirable. In particular, it is
important to establish the integrity of
familial clusters, that is, to determine
whether proteins of species within a
family are more similar to each other
than
family.to proteins of species outside the
We decided to use immunology as a
supplementary method for two reasons:
(1) This technique permits comparison
of large numbers of species conveniently, and (2) in certain groups of evolutionary homologous proteins, such as the
cytochromes c and avian lysozymes,
there is a pronounced correlation between immunological cross reactivity
and sequence difference (Prager and
Wilson, 1971, 1971a, 1971b). Accordingly, we have prepared antisera to
spinach and nettle plastocyanins and
have examined their reactions with
plastocyanins from more than twenty
species of higher plants. These cross
reactions are given in Table 14.
Experimental Procedure
Plastocyanin was isolated and purified from leaves of various species of
plants according to the method of Ramshaw (Ramshaw et al., 1973). All purified samples were checked for homogeneity by electrophoresis on polyacrylamide gels. Partially purified samples of
plastocyanins were obtained by carrying
out the first two steps of the above procedure— the acetone extraction and
ammonium sulfate fractionation. The
species of plants from which plastocyanins were obtained are listed in
Table 14. The identity of plants collected
in the field was checked by David Sayers, University of Durham Botany Department (plants collected in Britain),
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TABLE 14. Immunological Differences among Higher Plant Plastocyanins

Family

Species

Urticaceae

Euphorbiaceae
Cucurbitaceae

Solanaceae

Urtica dioica" ( Stinging Nettle)
Laportea canadensis* (W ood Nettle)
Mercurialis perennisp (Dog's Mercury)
Cucurbita pepo medullosap( Vegetable
Marrow)
Cucurbita pepo torticollis (Crookneck
Squash)
Lycopersicon esculentum commune0 {Common Tomato)

Brassicaceae

Compositae
Leguminosae

Caprifoliaceae
Boraginaceae

Brassica rapa (Turnip)0
Brassica oleracea capitatap( Spring Cabbage)
Capsella Bursa-pas toris p (Shepherd's Purse)
Lactuca sativa capitatac (Head Lettuce)
Trifolium repens0 (White Clover)
Phaseolus vulgaris*" '(Kidney Bean)
ViciaFabac,p (Broad Bean)
A Ibizia Julibrissin c (Silk Tree)
Sambucus nigra p(European Elder)
Sambucus canadensis c (Common Elder)

Chenopodiaceae
Spinacia oleracea ' (Spinach)
Chenopodium
murale (Nettle-leaved Goosefoot)
Polygonaceae

Umbelliferae

Immunological
Distance from

Urtica plasto-

cvanint
Spinacia
plasto-

280
cyanin*

92
84

49

51

55

48

58
54
72
66

Solanum tuberosum9 (Potato)

Symphytum officinale (Comfrey)

Menyanthaceae

Immunological
Distance from

Rumex sp.p(Dock)
Nymphoides peltatap {YXoaXing Heart)
Aegopodium podagraria (Ground Elder)

48
60

61
78
75

73
77

77

66

120
80
>160
157

57
96
150
45

68
70
36
157

33

154

0

149

33

125

112

>170

142

>170

167

*Crude or purified plastocyanins (c or p) were tested against a pool of antisera to Urtica plastocyanin.
The antiserum pool was derived from 4 rabbits. The pool titer was 1/975.
jCrude or purified plastocyanins were tested against a pool (2 rabbits, titer: 1/625) of antisera to
Spinacia plastocyanin.
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and by D. Wallace and Dr. J. J. Wurdack, Smithsonian Institution, Museum
oi Natural History. Washington, D.C.
i U.S. plants). Voucher specimens were
retained in the University of Durham
Botany Department.
The preparation of rabbit antisera to
nettle [Urtica dioica)* and spinach
(Spinacea oleracea) was basically as
scribed by Wallace (Wallace et ai,
1971). although the total period of immunization was longer and the number
of injections was higher (see Results).
The antisera were judged to be directed
solely to plastocyanin on the basis of
two criteria: (1) Antiserum to purified
nettle and spinach plastocyanins gave a
single precipitin arc in Immunoelectrophoresis when tested with crude isolates
of the respective plastocyanin. (2) Microcomplement fixation curves (see below)
obtained with antisera to the purified
plastocyanins were the same height and
shape for both purified plastocyanins
and crude isolates. This was observed
for both the spinach and nettle. t Pools
of antisera were made by combining
sera from individual rabbits in inverse
proportion to their complement fixation titers (Prager and Wilson, 1971a).
Cross reactions were measured by the
quantitative micro-complement technique (Prager and WTilson, 1971a; Champion et a!., 1974). Results are expressed
as units of immunological distance. If
two plastocyanins are identical, the
immunological distance between them
is zero; if two plastocyanins are very
distantly related or unrelated, the immunological distance between them is
greater than 200.
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vs. Anti- Urtica pool 1/975
vs. Anti- Urtica pool 1/175
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c
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60-

J

V

0.79 3.13 12.5 50
200
1.57 6.25 25
100
Nanograms

of antigen added

Fig. 139. Complement fixation curves for the
reaction of an anti-/7rrica serum pool with Urtica
and Phaseolus plastocyanins.
[Errata in Fig. 139: The antigen concentrations for
curve of Urtica vs. anti-Urtica pool are incorrect. Nanograms of Urtica antigen added were
given as: 1.25, 2.5, 5, 10, 20, 40. They should be:
2.5,5,10,20,40,80.]

plastocyanins from Urtica dioica and
Phaseolus vulgaris. The results are plotted as percent complement fixed versus
the antigen concentration. When different antiserum pool concentrations are
employed with a particular antigen, a
family of curves results. The curves
show progressively lower peak heights
as the antiserum concentration is lowered. If the peak height of the complement fixation curve is plotted versus the
logarithm of the antiserum concentration, a straight line is obtained. Figure
Results
140 illustrates the slope of the line obProperties of the immune system.
tained for the reaction of the smt'i-Urtica
Figure 139 -hows the cross reaction of pool with Urtica and Lycopersicon plastocyanins under a variety of antiserum
an anti-Urtica serum pool with purified
concentrations. The slope is usually a
•Latin name- and common names of plants are
constant for reactions with a particular
given in Tabic ] 1.
antiserum, regardless of the antigen
-f'rude Urtica dioica isolates from the U.S. gave
used. For this anti-Urtica pool, the slope
slightly low<
Ommunologioal distance =
measured for Urtica was 323 and that
3-4) with anti-Urtica (Britain) pools than purified
plastocyanin from British Urtica dioica.
for Lycopersicon, 327.
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CONCENTRATION

Fig. 140. The dependence of the peak height of the complement fixation curve on the concentration of
pool. Each .point represents the peak height of a complement fixation curve for a parantiserum
a Urticaticular
antiserum concentration

with the homologous (or heterologous)
To measure the immunological relatedness of two plastocyanins, it is antigen; and m = slope.
Titer. Higher plant plastocyanins are
necessary to obtain a complement fixation curve for each antigen, as in Fig. only moderately immunogenic in rabbits. Table 15 shows the titers of anti139. The heterologous antigen, Phaseolus vulgaris plastocyanin, requires a sera directed to Urtica plastocyanin.
higher antiserum concentration for a Even after an immunization period of
measurable curve than does the homol- 43 weeks (initial injections 5 weeks
ogous antigen, Urtica dioica plastocy- apart with purified plastocyanin emulanin. Once it is established that the
sified in Freund's complete adjuvant,
slopes of a few of the heterologous anti- followed at various intervals by intravenous injections of plastocyanin in
gens are identical with that of the homologous antigen, the immunological Tris buffer), the highest titer observed
difference for the remaining heterolo- was 1/4000. By comparison, antibody
gous antigens can be calculated from titers to serum albumin often are two to
the following equation (Champion et al., three times higher, in about half the
1974).
time (Wallace et al, 1973). For the case
of antisera to Spinacia (spinach) plastoImmunological
+ log
cyanin, antibodies were prepared in two
Distance
rabbits
over a period of one year. The
100
m
X
titers were 1/245 and 1/2850.
H

where YH or (Yh ) = percent complement
fixed at the peak used with the homologous (or heterologous) antigen; XH or
(Xh ) = antiserum concentration used

Specificity. The ability of anti-Urtica
sera to discriminate between the plastocyanins of Urtica, Laportea, and Lycopersicon (specificity) was tested (Table
15). When antisera have been produced

•)
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TABLE 15. Variation in Specificity of Antisera to Urtica dioica (Nettle) Plastocyanins
Average of
values for

Rabbit number
Period of immunization
i weeks)
Micro-complement
fixation titer*
■ 5S- reaction" with
plastocyanin from:
Urtica dioica (common
nettle i

Laportea canadensis
1 wood nettle)

Lycopersicon * sculentum
(common tomato)

2
18

43

1 1870

1/1720

3
43
1/4000

4
43
1/1300

0

0

0

0

43

44
>190

9

46

178

122

5

2, 3, 4, 5
(43 weeks)
43

Pool of
2, 3, 4, 5
(43 weeks)

43

43

1/380

1/970

0
23

0

0
26

25

31
106

65
77
"The factor by which the antiserum must be diluted in order to give 75% fixation at the peak of the
complement fixation curve is called the titer.
"^Results expressed as units of immunological distance.

after long periods of immunization, it is
usually observed that their specificity is
relatively constant; that is, successive
bleedings produce antisera with the
same specificity. Thus, anti-Urtica
serum from rabbit number 2 taken at 18
weeks and at 43 weeks yields similar
cross reactions to Laportea and Lycopersicon, relative to Urtica.
Rabbit variation. Table 15 also illustrates rabbit variability in terms of
specificity. As shown, 43-week antisera
from rabbits 2, 3, 4, and 5 gave different
immunological distances between Urtica
and Laportea and between Urtica and
Lycopersicon. Rabbit variability of this
magnitude has also been observed with
avian lysozymes (Prager and Wilson,
1971a), but not with serum albumin
i Wallace et al., 1973). Antisera were
pooled (as discussed by Prager and Wilson, 1971a) in order to obtain an antibody mixture which is directed toward
the maximum number of antigenic sites
on the plastocyanin molecule.
Reciprocity. If immunological distance were exactly proportional to the
number of amino acid substitutions, the
immunological distance between two
proteins X and Y should be the same

whether the pooled antisera used were
anti-X or anti-F. The single test of reciprocity for this system is between Urtica
and Spinacia (Table 14). For this pair,
the anti-Urtica serum pool gives an immunological distance of 154, and the
a.nt\-Spinacia distance is 92. These values deviate 25% from the average value
of 123. This deviation from the average
of reciprocal tests is somewhat high, but
even higher results have been observed
with avian lysozymes (Prager and Wilson, 1971a), and bacterial azurins
(Champion and Douderoff, unpublished
results).
Cross-reaction data. Table 14 presents
the results of microcomplement fixation
tests between the two antiserum pools
and plastocyanins (crude isolates or
purified proteins) from various species
of higher plants. The results given are
averages of at least two repeated tests
for each plastocyanin with each antiserum pool. The average standard deviation of such repeated measurements is
4.8 immunological distance units for
reactions with anti-Urtica, and 5.5 units
with anti-Spinacia.
Consider first the cross reactions to
anti-Urtica.

The

plastocyanin

of La-
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ported, which is in the same family as
Urtica, is immunologically similar to
Urtica. Plastocyanins from representatives of other Flowering Plant families
are more remote, and some, such as
those from Nymphoides or A egopodium,
are too dissimilar to cross-react. One
striking observation is that the four
plastocyanins from the Leguminosae
are quite variable in their cross reactions to the anti-Urtica serum. It might
have been expected that members of a
particular family would appear as a
discrete cluster, all equidistant from
Urtica. Other families do appear to be
clustered; for example, Spinacia and
Chenopodium (Chenopodiaceae) and
Brassica and Capsella (Brassicaceae) are
paired relative to Urtica.
The second antiserum pool, directed
towards Spinacia plastocyanin, gives
results that complement those obtained
with anti-Urtica. Chenopodium plastocyanin is similar immunologically to
that of Spinacia, but plastocyanins from
the non-Chenopodiaceous species Symphytum and Sambucus are nearly as
similar. Again, as seen from the Urtica
perspective, members of the Euphorbiaceae, Cucurbitaceae, Solanaceae, Brassicaceae, and Compositae are at intermediate distances, while representatives
of the Polygonaceae, Menyanthaceae,
and Umbelliferae are remote. The legumes are seen as a diverse assemblage,
except that Albizia and Trifolium are
much closer to Spinacia than to Urtica.
However, members of the Urticaceae,
Brassicaceae, and Solanaceae appear to
cluster in their respective families.
Discussion. In using immunology as
an approximate measure of sequence
difference between proteins, we have
tried to observe these precautions
(Prager and Wilson, 1971a): (1) An immunization program of several months
should be employed; (2) sera from several rabbits should be pooled in inverse
proportion to their titers; and (3) as far
as possible, reciprocal measurements
should be made. Further, it is important
to make certain that the protein studied

is a single gene product; i.e., it is not
present in several isozymic variants in a
single species. Recent sequence results
(Boulter et a/., unpublished results), as07.;
1
well as polyacrylamide gel electrophoretic studies (Boulter et a/., 1973), indicate that most plant species contain a
single plastocyanin of unique sequence.
The only exception observed so far is the
plastocyanin from Sambucus nigra,
elder, which shows sequence heterogeneity at residues 15 and 17 (Scawen
etal, 1974).
Examination of the sequence data has
revealed that the immunological comparisons presented here are indeed approximate measures of plastocyanin
sequence difference. This correlation
will be discussed in a separate publication.
Because of the small number of comparisons presented, it is premature to
discuss in detail their phylogenetic
implications. However, some general
comments can be made. Classically,
neither Spinacia nor Urtica are considered to be closely related to each
other or to most of the families studied
here. The sole exception is Rumex, which
is considered to be related to Spinacia
(Boulter et al, 1972); on the other hand,
phytochemical studies (Harborne, 1963;
Willis, 1966) have tended to place these
two taxa in separate groups. In comparison with classical thought, there
are only two surprising conclusions to
be drawn from the plastocyanin data so
far: (1) The Leguminosae are diverse,
and (2) Sambucus and Symphytum are
as close to Spinacia as is Chenopodium.
It should be pointed out that the data of
this work pertain immediately to the
evolution of the plastocyanin gene. How
the evolution of this infinitesimally
small fraction of the genome relates to
the evolution of the whole plant remains
to be seen.
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Base-Pairing in Phage RNA —
Effect on Rate of Evolution
Michael B. Davis

It has been known for many years
that certain kinds of RNA, in particular
tRNA, can form secondary structure
through intrastrand base-pairing. Partial enzymatic digestion of singlestranded phage RNA indicates that
there arc some regions (presumably
base-paired stretches) which are protected from attack while other regions
(presumably unpaired stretches) are
susceptible (Jou et al., 1972). At least
part of the "instantaneous binding" of
freshly denatured DNA (see Bonner,
this Report) seems to be due to the for-
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mation of intrastrand base-paired
regions; if these regions are transcribed
into mRNA, the mRNA should also have
base-paired regions. We attempted to
deduce mRNA secondary structure from
a knowledge of the amino acid sequences
of the corresponding proteins but were
unable to do so because of ambiguities
in the genetic code (some amino acids
can be coded by as many as six different
nucleotide triplets).
The function of base-paired regions in
phage RNA and mRNA is not clear.
Secondary structure could provide recognition sites for the initiation of replication and translation, although there
seems to be no homologous secondary
structure in the precistronic regions of
the several phage genes which have been
examined so far (Steitz, 1973). Secondary structure in phage RNA might serve
some function in packing the RNA into
the protein coat, although there is little
data on this subject. Another possible
function of base pairing in singlestranded genetic RNA is protection
against mutations; there is evidence
that mutagens preferentially attack
RNA phages at unpaired bases (Jou et
a/., 1972). There is also the possibility
that secondary structure in phage RNA
and mRNA serves no biological function; hypothetical RNA molecules consisting of random sequences of bases
have nearly as much base-pairing as
real RNA molecules (Gralla and DeLisi,
1974; 40-60% compared with 66% for
phage
1972). MS2 coat protein gene, Jou et a/.,
We have compared the known RNA
sequences of the coat protein gene of a
number of closely related coliphages
(Dayhoff, 1972a) and have also made
additional deductions based on the
known amino acid sequences for the
coat proteins (Dayhoff, 1972b). Using
the recently published sequence and
secondary structure of the MS2 coat
protein gene (Jou et al, 1972), we have
looked for differences in the rate of
evolution between base-paired and unpaired regions. The rate of evolution
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appears to be approximately twice as
great in unpaired regions as it is in
paired regions, indicating that secondary structure in single-stranded RNA
helps to preserve the base sequence.
The phages used in the study are
MS2 (whose coat protein gene has been
completely sequenced), R17 (216 bases
sequenced out of 387), f2 (94 bases sequenced), and fr (not sequenced). In all
four phages the amino acid sequences of
the coat protein are known, allowing approximately two-thirds of the unknown
bases to be predicted. A comparison of
the amino acid sequences gives the evolutionary tree shown in Fig. 141. A
similar tree can be obtained from a comparison ofthe RNA sequences; however,
some of the distances are biased by the
inability to detect "silent" mutations
(those in which a change in RNA sequence leads to no amino acid change),
except in those regions where the RNA
has actually been sequenced. An estimate of the number of silent versus
expressed mutations can be made by
looking at regions in which the RNA of
two or more of the phages has been sequenced (216 bases). In the sequenced
regions of MS2, R17, and f2, there are 9
base changes, of which 8 cause no amino
MS2

Fig. 141. Evolutionary tree for coliphages fr,
f2, R17, and MS2. The numbers indicate the number of amino acid differences in the coat protein,
out of a total of 129 amino acids.

1077

acid substitutions; 7 of the 9 are in the
third codon position. It is therefore
evident that the amino acid sequences
are more highly conserved than are the
RNA sequences and that there are many
differences in RNA sequence that will
go undetected if only the amino acid
sequences are known.
All amino acid differences between
MS2, R17, and f2 (including the silent
mutations mentioned above; can be explained by a single base change per
codon. In many cases, however, differences between fr and the other phages
can be explained only by assuming two
or three changes per codon. Of the 20
amino acid changes between fr and the
other phages, 12 involve two or three
changes per codon. There is no obvious
frame shift mutation (a deletion followed several bases later by an insertion, or vice versa) which can cause the
observed differences, so point mutations
are assumed, although the exact mechanism for the double mutations is unknown. Among the four phages, there
are 46 known base differences in 31
codons, of which 8 are silent changes;
there are probably approximately 10
additional undetected silent mutations
in fr.
The positions of the known base
changes relative to the secondary structure of the MS2 coat protein gene have
been examined.* A representative basepaired region is shown in Fig. 142, which
contains codons 85-96. Bases that are
different in the four phages are circled.
Two of the six changes occur in paired
regions (codons 86 and 94) but in this
case have only a minor effect on the
secondary structure, since G and U can
form weak hydrogen bonds and do not
disrupt helical regions (Tinoco et a/.,
1973). The C -> U change in codon 90
creates a U-A pair; since the direction of
evolution is not known, the change is
considered to take place in a paired base
*The alternative structure shown in Jou et al.
(1972), Fig. 6, was used, and a few minor changes
were made, based on more recent stability criteria
(Tinoco, 1973).
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Fig. 142. Secondary structure for the MS2 coat
protein gene, codons 85-96, taken from Jou (1972).
The circled bases are different in R17, f2, and fr,
and change to the bases indicated. Codons are separated by plus signs; base pairing is indicated by
solid circles.

although the change could well be in the
direction of increasing secondary structure. The remaining three changes occur
in unpaired bases and have little effect
on the secondary structure. Note that
the change in codon 86, leucine - methionine, can be explained only by a double
mutation.
The entire coat protein gene has been
examined in the manner described
above, and a determination has been
made of the number of changes occurring in paired and unpaired bases and
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the number of changes that make or
break hydrogen bonds ( a transition between A-U and G-U or between G-C and
G-U is not considered to break hydrogen
bonds, for the purposes of this study). In
some regions of the gene (codons 103125) the proposed secondary structure is
of marginal stability, and separate calculations have been made assuming
pairing or no pairing. In this region,
there are also sufficient differences between frand the other phages to change
the secondary structure significantly;
perhaps this region should be excluded
from the study because of uncertainties
in the secondary structure.
Another possible bias exists because
the regions in the R17 and f2 coat protein gene which have been sequenced
are also the regions with the most secondary structure. Silent mutations are
therefore more likely to be detected in
these regions of high secondary structure than in other regions of lower secondary structure for which only the
amino acid translations are known. The
rate of change in unpaired regions will
therefore tend to be underestimated
compared to that in paired regions. This
bias can be eliminated by looking only
at regions in which the RNA has been
sequenced in two or more phages, but
the statistics are low in this case.
The results of this study are summarized inTable 16. It can be seen that
the paired bases evolve at approximately
half the rate that the unpaired bases do
and that only half of the changes in the
paired bases affect the secondary structure significantly. These results can be
explained in two different ways: (1) Intrastrand base pairing in singlestranded phage RNA may act to conserve the nucleotide sequence in somewhat the same way that interstrand
base pairing in DNA does. The secondary structure may have arisen by chance
and may have no biological function;
once established, however, it may tend
to conserve itself by protecting the
paired bases from mutations. (2) Secondary structure in single-stranded
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TABLE 16. Base Changes in the Coat Protein Gene among Phages MS2, R17, f2, and fr
Percent Change in
Unpaired Bases (A)

Percent Change in
Paired Bases (Bj

A/B

Percent Change in Paired
Bases Which Make or
Break Hydrogen Bonds*

Whole gene
Excluding unstable region
(codons 103-125)
Counting unstable region
as unpaired
Sequenced regions only
(MS2-R17-f2)

21/127 = 16.5

25/260 = 9.6

1.7

14/25=56

1.8
13/89 = 14.6

19/230 = 8.3

27/157 = 17.2

19/230 = 8.3

2.1

5/168 = 3.0

2.8

4/48=

8.3

9/19 = 47
9/19 = 47
1/5=20

"The pattern of mutations observed in the unpaired bases would give a value of 73% for this quantity

phage RNA may have some as yet unknown biological function. Mutations
which change the secondary structure
will be selected against, and the unpaired regions will therefore evolve
more rapidly than the paired regions.
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Hairpin-Forming Sequences in
Mammalian DNA
T. I. Bonner

We have continued our studies of the
fraction of mammalian DNA which exhibits alarge amount of intrastrand
base pairing. Since this feature is also
present in many RNAs, including messenger RNAs, it may be important to
the functioning of the organism. It has
recently been shown that the coat protein of phage R17, when acting as a
translational repressor, recognizes a
small but very stable base-paired region

in the R17 RNA (Gralla et «/., 1974).
Another case (Kaempfer and Kaufman,
1973) of protein recognition of doublestranded regions of RNA is provided by
the initiation factor IF-3, a rabbit reticulocyte factor required for the binding
of ribosomes to messenger RNA. Another example is provided by the sequence of E. coli DNA which is recognized by the lac repressor (Gilbert and
Maxam, 1973). While there is no hairpin
involved in the protein binding, the
recognition sequence does have the potential to form a small hairpin. These
examples suggest that the presence of
hairpin-forming DNA sequences may be
common in functional sequences. If this
were true, then the presence of intrastrand base pairing would provide a useful way of isolating a functional class of
DNA sequences.
The Basic Observations
We have studied the fraction of mouse
and human DNAs which appear to have
intrastrand base-pairing by virtue of
their ability to bind to hydroxyapatite
(HAP) or their resistance to SI, a singlestrand specific nuclease, at C0t values
sufficiently small to exclude the possibility of reassociation via bimolecular
collision. For this purpose we have used
3H-labeled DNA extracted from mouse
L cells or human WI-38 cells by the
urea-phosphate procedure. The mouse
satellite DNA
was removed by Ag-

1080
CsjSOj density gradient centrifugation
because its extremely rapid reassociation would have complicated the elimination o( bimolecular
reassociation
products. The remaining mouse DNA,
which will be referred to as main-band
DNA, was used for all measurements
unless otherwise specified.
The first property in which we are
interested is the binding of DNA sequences at Cjt values so small, compared to those required for bimolecular
reassociation, that base-paired regions
can be considered to form instantaneously. For want of a better term we will
refer to these sequences as instantaneously binding (IB). As shown in Fig. 143,
the IB DNA has a broad range of thermal stabilities and is qualitatively different for mouse and human DNAs. The
fraction of the bound DNA which elutes
above 85 °C varies with different batches
of HAP, apparently because of their
varying tendency to retain very long
molecules of DNA.
The second basic property of the sequences which interests us is the actual
fraction of the bases that are paired.
This measurement is easily made with
the SI nuclease, since it selectively
digests unpaired bases. If wre take instantaneously binding DNA, fractionate
it according to its elution temperature
from HAP, and treat the fractions with
SI, we obtain the results shown in Table
17. There is essentially no SI resistance
in the IB fractions which elute below
TABLE
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Fig. 143. Thermal elution profile of instantaneously binding (C0t < 3y-X 10 5) DNA from mouse
(circles) and human (triangles).
The labeled DNAs
were denatured along with 35 ^ g of unlabeled E.
coli DNA brought to 0.14 M PBA^ and bound to HAP.
The total binding was 13% for main-band mouse
DNA and 21% for human DNA. The native mouse
DNA had a median size of 4300 nucleotide pairs
(NTP) and the human DNA had a median size of
2300 NTP.

85°C. On the other hand, the highstability IB fractions give 40-50% SI
resistance.
An alternative way of measuring the
SI resistance is to take untreated DNA,
denature it, and then treat it with SI.
Under these conditions we find that
4-5% of main-band mouse DNA and
7-8% of human DNA are SI resistant.
In the discussions which follow, when

17. SI Resistance and Rebinding Properties of HAP-Binding DNA.

ofHAP-BindingDNA
Main-band mouse T,<%WJC
Main-band mouse !TTO>850C
Human T . <85°C
Human T >85°C

Rebinding after
Denaturation
50
77
71
75

SI Resistance (%)
Low-Salt Incubation*
1.2
43
491.9

High-Salt Incubationf
3.0
42
8.3
47

"DNA
denatured at p\\ > 12 for 5 minutes then incubated with SI for Vk to 2 hours at 36°C in
0.03AfNaA< pH 1.5), 0.0] il/NaOH, 1.7 xlO-4MZnCl2. Digestion was stopped by bringing the solution
to 0.14 M PB. The amount of Sl-resistant DNA was taken to be that fraction which bound to HAP at
50°C.
-Same as low aa * conditions except that SI digestion takes place in an additional 0.30 M NaCl.
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we refer to Sl-resistant DNA we mean
that the DNA has been denatured,
treated with SI under conditions which
allow reassociation to a very small C0t,
and then bound to HAP, thereby eliminating all digested DNA and those
double-stranded pieces which are too
small to bind to HAP.
Possible Types of Sequences
Before discussing the significance of
these and other measurements, it is
-5
useful to consider what types
of sequences could be responsible for the IB
properties of these DNAs. The possible

sequences are of four basic types, as
illustrated in Fig. 144. The first possibility is that the complementary strands
are physically prevented from separating during denaturation by the presence
of a cross-link. These molecules will return to a native
state by
C0t = 10 to
~* and
be almost
completely
resistant
SI.
The only cause for SI susceptibility
would be the presence of single-stranded
ends due to either uneven breakage of
the native DNA, a factor which will be
shown to be small, or to the presence of
single-strand nicks in the native DNA.
The second possibility is a sequence
which can form a simple hairpin. This
occurs when a sequence is followed by

+ SI TREATED

c0t=io
CROSSLINK

SIMPLE
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C0t = IO-5

+ SI TREATED
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+ SI TREATED
+DENATURED
-2
+ HAP BINDING

C0t=IO-5

HAIRPIN
OR

o
MULTIPLE

HAIRPIN

11

o

lb

L

CIRCLE

OR

Fig. 144. Possible types of sequences with intrastrand base-pairing and their properties under various
experimental conditions. The first row illustrates the behavior of a cross-linked molecule under four conditions, (a) reassociated to C0t = 10~5, (b) reassociated as in (a) and then SI treated to produce an Slresistant fragment, (c) reassociated and Si treated as in (b) and then denatured as when the size of an
Sl-resistant fraction is determined on an alkaline sucrose gradient, (d) reassociated, Si treated, denatured as in (c), and then bound to HAP at C0t < 10"? The second row illustrates the behavior of a sequence of the type ABCDED' C'B'A'where A is the sequence complementary to A. This sequence
forms a simple hairpin molecule. When SI treated the hairpin loop may or may not be removed depending on its size. This gives rise to different possibilities under the other conditions. The third possibility
is that there are multiple hairpins formed on a single strand. The various possibilities of SI treatment
are illustrated. The fourth possibility is that a sequence is followed by its unequivocal complement (i.e..
ABCDEA'B'C'D'). This sequence forms circular molecules which behave under the various conditions
in the'same way the simple hairpin does.
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its inverted complement. If there is a
single point o( inversion so that only one
hairpin loop is formed, then random
shearing o( the DNA requires that an
average o( at least 509f of the bases in
the hairpin-forming molecule be unpaired and thus digestible. The loop itself may or may not be digested depending on its size.
The third possibility is that the hairpin structure is not simple but includes
numerous hairpins in close proximity,
as is the case with the phage MS-2 (Jou
1 1 uL. 1972). In this case, the amount of
SI resistance depends on the details of
the structure and the minimum size of
single-stranded regions necessary for SI
digestion.
The fourth possibility is rather similar to the simple hairpin except that a
sequence is followed by its uninverted
complement. This sequence will form a
circular structure at C0t = 10 ~5. No structures of this type were seen in electron
microscope pictures of IB DNA by Wilson and Thomas (1974), so we will ignore
this possibility. It should be noted, however, that such structures should be indistinguishable from simple hairpins in
all of the experiments which we have
done.
How Does Si Act?
Before assessing which possible sequence types are consistent with the
experimental evidence, it is necessary
to consider briefly the disputed question
of what SI does to double-stranded
DNA. Two recent papers (Goodson,
1973; St. John et al., 1974) have indicated that SI nicks double-stranded DNA
I produces a break in one of the strands).
Another paper (Germond et al., 1974)
reports that the double-stranded activity is restricted to cutting a strand
across from a preexisting nick. If we
incubate native mouse DNA with SI at
the high- and low-salt conditions, denature the DNA, and measure its instantaneous binding to HAP, we find
that the bindings for high salt and low
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salt are 12.8% and 7.7%, respectively,
compared to an IB of 13.0% for DNA not
treated with SI. If the SI causes nicks,
the size of sequences which are connected to cross-links or hairpins will be
reduced and the instantaneous binding
will likewise be reduced. Thus there is
essentially no nicking under the highsalt condition, an observation which
Nancy Rice confirms by sucrose gradient sizing. On the other hand, there is
substantial nicking, which results in
reduction of piece size, at the low-salt
condition, an observation which is likewise confirmed by sizing. One of the
results we will discuss later is that the
Sl-resistant human DNA is the same
size whether digested at high-salt conditions or low-salt conditions. Since
nicking does not occur at the high-salt
conditions but can occur at the low-salt
conditions, nicking must occur only in
the sense that the intact strand is cut
across from preexisting nicks. This follows because the step of denaturation,
followed by reassociation to very small
C0t, renders single-stranded all nicked
DNA not containing a hairpin inversion
point or a cross-link. Thus the doublestranded DNA subjected to SI digestion
is devoid of nicks. If the SI were capable
of producing nicks in double-stranded
DNA to an appreciable extent, the Slresistant human DNA would be smaller
at the low-salt condition than at the
high-salt condition. Thus our results are
in complete agreement with Germond
et al. (1974): the double-stranded activity of SI is restricted to cutting across
from preexisting nicks and that only
occurs at low-salt conditions. Since all
of our DNA is denatured before SI
treatment, it can have no nicked doublestranded regions. Thus, in these experiments the SI can be considered to have
no double-stranded activity.
Are There Any Hairpin Loops Which
Are Cut by Si?
An important factor in establishing
the nature of the IB fraction of DNA is
the extent to which hairpin loops, if
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into size distributions and are plotted
for the human DNA in Figure 145. The
108.°,
surprising result is that the Sl-resistant
pieces are very long, 50% of the DNA
being longer than 2000 nucleotides. This
large size is in marked contrast with the
small (20-30 nucleotides) hairpin size of
protein recognition sites (Gralla, 1974;
Gilbert, 1973). There are several other
features worth noting. First, the HAPbinding DNA of low «85°C) stability
is 75% of the size of the high-stability
HAP-binding DNA. This confirms our
earlier assertion that some of the highstability HAP-binding DNA elutes
above 85°C because of the tendency of
HAP to retain long molecules rather
than because of its high intrinsic melting temperature. The second feature is
that the average HAP-binding molecule
is 1.3 to 1.7 times longer than the average untreated whole DNA. This factor is
smaller than the factor of 2.0 that would
be expected if the HAP binding were
due to cross-linking.
The third feature is that the Sl-resistant DNA is a factor of 2 smaller in size
than the high-stability IB DNA. In
principle we can calculate the size distribution ofthe Sl-resistant DNA, given
the size distribution of IB DNA. If the

present, are cut by SI. This is easy to
determine, as is illustrated in Fig. 144.
If Sl-resistant DNA is denatured and
then bound to HAP at very small C0t,
cross-linked DNA and hairpins with uncut loops should bind, while hairpins
whose loops have been cut will not be
able to bind. The results in Table 18
show that essentially all the Sl-resistant
material from cross-linked DNA is able
to bind to HAP, while approximately
half the Sl-resistant material from
mouse and human DNAs is able to bind.
Thus, at most 60% of the human and
40% of the mouse SI resistance is due to
cross-links. If there is this much crosslinked DNA, then all hairpin loops are
cut. At the other extreme, there are no
cross links present, and at least half of
the hairpin loops are cut.
How Long Are the IB and Si -Resistant
DNA Pieces?
In order to eliminate some possible
types of sequences, it is useful to know
the relative sizes of HAP-binding DNA
and Sl-resistant DNA. Sizes were determined bysedimentation of the DNAs
in alkaline sucrose gradients. The results from the gradients were converted

TABLE 18. SI Digestion Properties of Human and Mouse DNA {%)
Main-Band Mouse
Low salt digestion
SI resistance!
Rebinding of denatured Slresistant DNA \
High salt digestion
SI resistance
Rebinding of denatured Slresistant DNA

4.5
33
4.9
64

Human

6.9
50

Cross-linked E. coli*
43
80
43

7.7
57

91

*Native 14C-labeled E. coli DNA was cross-linked by nitrous acid treatment. The DNA which bound to
HAP at 80°C after alkaline denaturation was taken to be cross-linked. It constituted 24% of the DNA
and had a median size of 2000 nucleotides.
fNative DNA was alkaline denatured and its SI resistance was measured as described in Table 17.
:j:Sl-resistant DNA was alkaline denatured, returned to 0.14 M PB and bound to HAP at 50°C. C0ts
were less than 10"6.
§The fact that the SI resistance is only 43% rather than about 100% is presumably due to the presence
of single-stranded ends which resulted from nicking during the nitrous acid treatment.
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Fig. 145. Size distributions of human DNAs. Alkaline sucrose gradients were run with a 50 K sheared
marker DXA. The results were converted to size distributions by taking the median size of the marker to
be 500 nucleotides and calculating other sizes, assuming that they are proportional to the 2.5 power of
the distance traveled in the gradient. Untreated DNA is indicated with open squares. Sl-resistant DNA
is shown by circles, open for high-salt conditions and closed for low-salt conditions. IB DNA is indicated
with triangles, open for low stability (<85°C) and closed for high stability (>85°C).

IB DXA were all cross-linked, the size
should be reduced approximately 10%
by SI digestion of unevenly sheared
ends. On the other hand, if long hairpins
are SI treated, they will on the average
be 50% digested. If we limit ourselves to
hairpin sequences which are long compared to the piece size, and if we bear in
mind that the size distributions measure
the number of nucleotides in fragments
of a given size rather than the number
of fragments of that size, then it can
easily be shown that the mean size of
Sl-resistant hairpins whose loops are
not cut is 66% of the IB DNA size and
that the median size is 79%. The size
distribution for hairpins with cut loops
will be a factor of 2 smaller. Of course,
these distributions will represent the
maximum sizes possible, since hairpin
forming sequences which are short compared to the fragment size will be digested more than 50%. If we assume
that there are no cross-links present,
then the results of Table 18 specify the

fractions of hairpins with cut and uncut
loops. The size distributions calculated
with this assumption do not contain
enough long DNA. This discrepancy requires that 20-30% of the Sl-resistant
DNA be cross-linked. The calculated size
distribution also provides 15-20% too
little Sl-resistant DNA smaller than 500
nucleotides. Thus a substantial fraction
of the hairpins must be small compared
to the sheared piece size.
The results of sizing the mouse DNAs
are qualitatively similar to the human
DNA results. However, the median size
of the untreated DNA is 4300 nucleotides vs. 2300 for the human DNA and
the high- and low-stability IB DNAs are
correspondingly scaled upward to
median sizes of 6800 and 5000 nucleotides, respectively. The major qualitative difference lies in the Sl-resistant
DNAs which have median sizes of 4900
and 3100 for high- and low-salt incubations, respectively. This size difference,
coupled with the difference in the frac-
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tion of loops cut (see Table 18), and the
fact that the total amount of SI digestion is quite similar at both incubation
conditions (Tables 17 and 18) imply that
30% of the Sl-resistant DNA comes
from hairpins whose loops are sufficiently small that they are not digested
under high-salt conditions but are digested under low-salt conditions.
How Big Are the Loops?
In order to determine the average size
of the Sl-digestible loops, high stability
IB DNA was sonicated to an average
size of 450 nucleotide pairs. By denaturing this DNA and taking only the portion which instantaneously binds to
HAP, one obtains pieces with hairpin
loops and a minimal amount of singlestranded tail. The amount of singlestranded tail, which is produced by
breaking the double-stranded molecule
at different points on the two strands,
can be determined by measuring the SI
resistance of native DNA sonicated to
the same size. The low-salt SI digestion
of the 450 NTP native DNA is about
13%, so one could expect 7% digestion of
the single-stranded end of a small hairpin molecule. If cross-linked molecules
were also present they would be 13%
digested, so the net digestion from
single-stranded tails would be 7-13%.
However, the actual digestion of the
human and mouse DNAs is 37% and
32%, respectively. Thus the digested
loops amount to 20-30% of the DNA,
and the average loop size that is digested
is of the order of 200-300 nucleotides.
Do the Sequences Have Unusual
Base Composition?
It is also useful to know the thermal
stability of the hairpin regions. If the
Sl-resistant pieces are melted off a
HAP column, the temperature of elution
is quite high because of the tendency of
the column to retain long molecules.
Therefore Sl-resistant human DNA
was sonicated to about 200 NTP and its
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melt was compared to that of similarly
sonicated native DNA. In both cases
more than 90% of the DNA bound at
50°C in 0.14 M PB, and the Sl-resistant
DNA was slightly more stable than the
native DNA, their mean elution temperatures being 88°C and 86°C, respectively. Thus each 200 NTP of the 1000 NTP
average hairpin is very well base-paired
or has a high GC base composition compared to whole DNA.
The question of the base composition
of the hairpin regions was studied by
fractionating 32P-labeled main-band
mouse DNA (2000 NTP, median size) on
a CsCl gradient. The individual fractions
should exhibit differences in base composition. Measurements of the instantaneous binding to HAP and the SI resistance were made on various fractions.
As the results in Fig. 146 show, there is
very little dependence of HAP binding
or SI resistance across the gradient,
indicating that the base composition is
essentially the same as whole DNA.
Therefore the Sl-resistant DNA must
be very precisely base-paired.
The Reassociation Properties of
Si-Resistant DNA
We have further characterized the Slresistant DNA by measuring its reassociation properties. Sonication of unlabeled whole genome DNA and labeled
Sl-resistant regions to an average size
of 200 NTP should separate most of the
DNA of a long hairpin-forming sequence
from the piece containing the inversion
point, thereby reducing the amount of
instantaneous binding. When such a
sonication was done, about 90% of the
Sl-resistant DNA reassociated with
recognizable kinetics rather than instantaneously binding to HAP. The results are shown in Figs. 147 and 148.
When the amounts of reaction are corrected for the instantaneous binding
and the fact that 10% of the unlabeled
mouse DNA is mouse satellite which is
not present in the Sl-resistant DNA. we
find that the Sl-resistant main-band
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Fig. 146. CsCl gradient fractionation of P32 main-band mouse DNA (median size, 2000 nucleotides).
The instantaneous binding of fractions is indicated by pluses for measurements with about 35 Mg unlabeled DNA present and X's for measurements without unlabeled DNA. There is no apparent difference
in the results. The low-salt SI resistance is shown by circles. The SI digestion was performed under the
same low-salt conditions as described in Table 17 except that there is an additional 0.04 M CsCl.

mouse DNA is 79% single-copy DNA
i reacting at C0t > 80) as opposed to 67%
of the main-band unlabeled DNA. Thus
the Sl-resistant DNA is enriched in
single-copy DNA. The results for the
human DNA are consistent with no enrichment of single-copy DNA, the Slresistant DNA being 62% single copy
compared to 57% for the whole DNA. It
is difficult to explain why the singlecopy Sl-resistant DNA does not reassociate faster than the single-copy unlabeled DNA, since long hairpins would
be expected to produce a sequence
repetition frequency of at least 2.

The Remaining Questions
The final question of interest regarding the hairpin-forming sequences is,
What is their function? On the supposition that these sequences could be of
functional importance and thus possibly
highly conserved during evolution, we
have measured the cross reaction between Sl-resistant human DNA and
mouse DNA. The result was that there
was no significant amount of Sl-resistant DNA highly enough conserved to
cross-react with the mouse DNA. We
expect to measure in the near future
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Fig. 147. Reassociation kinetics at 50°C in 0.14 M PB of 200 NTP /^-labeled Sl-resistant main-band
mouse DNA in the presence of a large excess of unlabeled 200 NTP whole-mouse DNA. The circles
represent optical density measurements of the extent of reassociation of the unlabeled DXA. The
triangles represent the extent of reassociation of the labeled Sl-resistant DNA.
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Fig. 148. Reassociation kinetics of 200 NTP /^-labeled Sl-resistant human DNA (triangles) in the
presence of a large excess of unlabeled 200 NTP human DNA (circles).
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whether the Sl-resistant sequences are
preferentially expressed.
It is clear from the results that, although itis difficult to limit cross-linking to less than about 25% of the Slresistant DXA. there must be a sizeable
amount of DXA present in both the
mouse and human genomes which can
form very long hairpin molecules (10002000 XTP) with precise base-pairing and
single-stranded loops of a few hundred
nucleotides.
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Fine Structure in
Mouse Satellite DNA
Nancy Reed Rice

Highly repeated DNA sequences comprise a significant fraction of the genome of nearly all eukaryotic organisms.
Such sequences often have sufficiently
eccentric base composition that they
band apart from bulk DNA in equilibrium density gradients (hence the
term "satellite" DNA), and they may
thus be isolated in more or less pure
form. Satellites have been found to consist of relatively simple nucleotide
sequences (usually tens to hundreds of
bases) present in large numbers of copies
(hundreds to millions) per cell (Harbers
et nl., 1974; Gall and Atherton, 1974;
Fry et al.t 1973). They differ markedly
from species to species, homology being
detectable only among comparatively
close relatives, for example,
among
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species of Mus (Sutton and McCallum,
1972; Rice and Straus, 1973). Their function is as poorly understood as their
evolution; they are located in chromosome regions which appear highly condensed (Pardue and Gall, 1970; Hennig
et al., 1970) and transcriptionally inactive.
Since the formulation of models of
satellite function and evolution depend
on knowledge of satellite structure,
efforts have been directed toward estimation of the degree of similarity
among the multiple copies and toward
sequencing of a few satellites of very
limited complexity (Harbers et al., 1974;
Gall and Atherton, 1974; Southern,
1970). I report here experiments of a different sort, aimed at determining
whether the satellite of mouse DNA
consists solely of a tandem arrangement
of its more than a million copies or
whether other sequences are interspersed among the highly repetitious
ones. The simplest interpretation of the
results is that a basic sequence of about
50 nucleotides is tandemly repeated in
stretches of average size 750 nucleotides
and that between these regions there
exist up to 60 nucleotides which fail to
base-pair after denaturation and subsequent annealing. Description of the
experimental evidence on which this
model is based follows.
HypochromicityofReassociated
Mouse Satellite DNA
As the DNA double helix dissociates
in response to increasing temperature,
the optical density (OD) of the solution
at A = 260 nm increases. Conversely,
when the temperature is lowered and
reassociation of separated strands proceeds, OD (260 nm) falls gradually
toward that of native DNA; the greater
this decline, the greater the restoration
of double-stranded structure. The relative OD (260 nm) of a DNA solution
from bacteriophage T4, for example,
increased from 0.719 to 1.000 (A = 28.1%
of high temperature OD) with heating,
and had fallen to 0.737 (A = 26.3% of
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lower and indicates that there may be as
much as an additional 10% of the total
bases in reassociated mouse satellite
which are unpaired.
The simplest explanation of this
observation, that the satellite preparation is contaminated with other DNA
molecules which do not reassociate
under these experimental conditions,
appears unlikely. More than 90% of the
molecules of reassociated satellite DNA

high temperature OD) after extensive
reassociation (50 X C0t1/2).
In contrast, a less complete restoration of double helical structure is indicated by the hypochromicity of reassociated mouse satellite DNA. Like T4
DNA, native mouse satellite DNA
exhibits 28.2% hyperchromicity, as
shown in Fig. 149; but at 50XC0£1/2 the
decline in optical density was only 22.9%
of the high temperature value. One
known contribution to this low value is
mismatching within the reassociated
molecules, whose Tm is 3.5-4. 0°C below
that of native DNA. Taking the Tm depression toindicate that about 4% of the
bases are unpaired, one can predict an
effect of 1.1% (4% of 28%) on the hypochromicity, yielding an expected hypochromicity for the mouse satellite of
25.2% (26.3% - 1.1%), at 50 X C0£1/2 . The
observed value, 22.9%, is significantly
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(900xC0£1/2, single-strand size about
4000 nucleotides) are at least partially
double stranded, as evidenced by their
ability to bind to hydroxyapatite (HAP)
at 60°C in 0.14 M phosphate buffer
(PB). Hyperchromicity of the DNA
which does bind is not significantly
'*
different from that of reassociated
satellite (900 X C0tVz ) which has not been
passed through HAP.
// Thus, regions of
satellite DNA which do not base-pair
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Fig. 149. Optical melting profiles of mouse satellite DNA. Solid line and solid circles, native
satellite DNA in 0.21 M PB. Dashed lines and open circles, reassociated (C0t 1.6 X 10-1at 62°C)
satellite
0.21treatment
ilf PB. Solio1
crosses, melted
reassociated
4 X Isolation
103at 50°C
in 0.14 MPB)
satellite DNA
DNA in
after
withlineSI and
nuclease,
in 0.25 (C0t
M PB.
of satellite
DNA:

mouse
mouse
mouse
mouse

DNA, prepared by the urea-phosphate procedure of Britten et al. (Year Book 68, p. 400) was centrifuged
in a preparative Ag+-Cs2S04 density gradient at Ag+/DNA-P = 0.35. Satellite fractions were pooled,
dialyzed, and further purified by centrifugation in a preparative CsCl density gradient. SI digestion:
Reassociated DNA was incubated with SI at 37°C for two hours in 0.2 MNaCl, 0.1 M sodium acetate,
10"4 M ZnCl2, pR 4.5. After chloroform-octanol extraction, the aqueous phase was passed over HAP at
50°C in 0.14 M PB; bound DNA was eluted with 0.4 M PB.
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under reassociation conditions are
covalently linked to the far more numerous ones which do pair. Attempts to
characterize the arrangement of these
regions are described below.

Effect of Molecular Weight on
Reassociation of Mouse Satellite DNA
If regions which fail to base-pair upon
reassociation exist as fairly long tracts
within mouse satellite DNA, they should
become unlinked from reassociating
regions as DNA piece size (L) is reduced.
A significant fraction of a 2000 nucleotide tract would be unlinked at L = 1000,
for example, and about SO^r liberation
could be expected at L - 250. Nonreassociating regions, no longer covalently
linked to reassociating ones, could then
be isolated by virtue of their inability to
bind to HAP after annealing. If, on the
other hand, such tracts are quite short,
say 200 nucleotides, most would remain
linked to reassociating sequences at
L = 250 and separation would not be
possible. Reassociation of mouse satel-

%
cpm
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lite DNA as a function of piece size,
therefore, yields data on the average
length of nonpairing regions.
Aliquots of native mouse satellite
41-DNA were sonicated to various extents, passed over HAP to remove molecules too small to bind, then denatured
and
annealed
M PB).
kinetics
as well(50°C,
as the0.14final
extentThe
of
reassociation were monitored for each
sample. As shown in Fig. 150, there is no
significant difference in the extent of
reassociation over a single-strand piece
size range of L = 3900 to L = 260 nucleo260
tides: at C0t 2 x 10"2, 95% of the reassociated L3900 sample, 94% of the L
sample, and 93% of an L220 sample bound
to HAP. Thus, reduction in piece size to
L = 220 liberates little or no material
which fails to base-pair under reassociation conditions. It can therefore
be concluded that nonpairing regions
are intimately interspersed within
mouse satellite DNA and are quite short
(< 200 nucleotides).
The complexity of the highly repeated
sequence of mouse satellite DNA can be

20

bound
to
HAP
-3

4060

-2

-5

80

10
OO
10
10

c0t

Fig. 150. Reassociation kinetics of mouse satellite 3H-DNA at various piece sizes. Satellite 3H-DNA,
prepared a- d< cribed in Fig. 149, was sonicated to various extents and passed over HAP at 50°C in 0.14
M PB; bound D]
as eluted with 0.4 M PB and sized in alkaline sucrose gradients with a marker 14CI)N'A
of about 450
Reassociation was carried out at 50°C in 0.14 Af PB, and binding to HAP
was measured
undernucleotides.
the same conditions.
10'

10"
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ascertained by (a) enzymic digestion of
nonpaired regions, using SI nuclease, an
enzyme which digests single-stranded
DNA (Ando, 1966), followed by (b) determination ofthe size of nondigested DNA
in alkaline sucrose gradients. SI treatment of reassociated T4 DNA, which is
expected to be free of mismatched and
looped-out regions, served as a control
for the satellite experiments to follow.
T4 DNA, of average single-strand size
3900 nucleotides, was reassociated to

derived from the kinetic data of Fig. 149,
which shows the C0tl/2 of L390()DNA to be
4X10"5.
separate
experiments
T4
DNA of Inthetwosame
size and
at the same
salt and temperature reassociated in the
Gilford spectrophotometer with C0tV2 =
2X101 and C0tl/2 =2.8xl01. Since reassociation appears to proceed about
twice as fast when assayed by HAP
rather than spectrophotometrically, an
HAP CQtVi for T4 DNA can be estimated
to be about 1.2 X101. Taking 1.6X105
base pairs as the complexity of T4 DNA
(Kim and Davidson, 1974), one can calculate an apparent kinetic complexity
for mouse satellite DNA of 55 nucleotide
pairs. Correction for the effect of mismatching on reassociation rate yields a
final value of about 45-50 nucleotide
pairs (Bonner et a/., 1973). Since satellite constitutes about 7.9% of total
mouse DNA (Rice and Straus, 1973)
there must be over 4X106 copies of this
short sequence per haploid genome.

C0t 10, and then treated with SI at 37°C
for 2 hours (in 0.2 M NaCl, 0.1 M sodium
acetate, pH 4.5, 10 ~4 M ZnCl2). Following
a chloroform-octanol extraction to eliminate protein, the DNA was dialyzed
against 0.01 M PB, concentrated to
about 0.25 ml, and then centrifuged

Length of Paired Regions in
Reassociated Satellite
The average length of base-paired
regions in reassociated satellite can be

(37,000 rpm, 9.5 hours, 5°C) in an alkaline sucrose gradient with a UC-DNA
marker of average size 450 nucleotides.
Average size of the T4 DNA, which was
distributed symmetrically about the
peak, was found to be about 1700 nucleotides, assuming molecular weight to be
proportional to the 2.5 power of distance
traveled through the gradient (Abelson
and Thomas, 1966). Thus, SI treatment
of reassociated T4 DNA resulted in a
I— 3900

t
c0t io

i

t

REASSOCIATED
T4

DNA

DENATURED
T. DNA
4

3900/2

3900/2
O.I N NaOH

AFTER

S,

DIGESTION
DENATURED
AFTER S,
DIGESTION

Fig. 151. SI digestion of reassociated T4 DNA. Small unpaired regions {]) which remain after annealing are susceptible to digestion by SI, resulting in about a two-fold decrease in average piece size. Experimental conditions given in text.
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2.3-fold reduction in piece size, a result
which is diagrammatically interpreted
in Fig. 151.
As shown in Fig. 152, mouse satellite
JH-DNA oi about the same initial size
as the T4 DNA was reduced in size to a
greater extent following reassociation
{Cjt
2.5X10;iiof and
SI treatment.
distribution
molecules
is broad The
and
centers around an average size of about
750 nucleotides. Thus in reassociated
mouse satellite DNA. regions which are
digestible by SI under the conditions
given above are separated by about 750
bases. Interpretation of the results
depends on knowledge of the mode of
action of SI. particularly on whether a
break in one DNA strand results in Si's
cutting the opposite strand. Possible
digestion products of reassociated satellite DNA are diagrammed in Fig. 153;
unpaired regions are shown looped out
of the helix and hence accessible to the
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enzyme, and the average distance between loops is D. It is clear that the size
of enzyme-resistant DNA represents
either the true distance between loops
or half that distance, depending on
whether SI cuts the DNA strand across
from the digested loop. There is good
evidence to suggest that under the digestion conditions employed here (37°C,
high salt) SI does not cut across from a
digested loop (see accompanying report),
but the matter is not yet fully resolved
and both possibilities remain.
A rough estimate of the size of the
loops can be derived from data on the
final extent of SI digestion of reassociated satellite. Following chloroformoctanol extraction and dilution into 0.14
M PB, enzyme-treated reassociated satellite was passed over HAP at 50°C; 20%
of the total radioactivity failed to bind.
Satellite treated identically but never
exposed to SI had a nonbinding fraction

150

300
-200

-100

10014

cpm

C

cpm

10
FRACTION

20
NUMBER

Fig. 152. Size of mouse satellite DNA after reassociation and SI digestion. Satellite 3H-DNA, prepared as described in Fig. 149, was reassociated to C t 2.5 X 10'3 at 50°C in 0.14 Af PB, dialyzed, and SI
digested as described in Fig. 149. Following chloroform-octanol extraction, the sample was dialyzed,
concentrated, mixed with the UC-DNA marker, alkali-denatured, and applied to an alkaline sucrose
gradient. Satellite 3H-DNA treated identically but never exposed to SI was applied to a second gradient.
Samples were centrifuged at 37,000 rpm at 6°C for 14 hours in the SW39 rotor; gradients were fractionated by tube puncture. The figure is a composite of both gradients: the 14C-DNA traveled the same distance in each. A , satellite 3H-DNA after reassociation, no SI. B, satellite 3H-DNA after reassociation
andSl.C, "C-DNA marker.
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Fig. 153. SI digestion of reassociated mouse satellite DNA. Unpaired regions remaining after reassociation are susceptible to digestion by SI. If SI digests only the loops, then the resulting piece size reflects the average distance, D, between loops, as shown in (A). If SI also cuts the other DNA strand
across from the digested loop, then the resulting average piece size is D/2, as shown in (B).

of 10%. Thus, enzyme treatment produced a net digestion of 10%, or about
290 nucleotides out of 2900. Taking 750
nucleotides as the average distance between loops and 2900 nucleotides as the
initial piece size in this satellite preparation, there must be 4 loops/piece (2 if SI
cuts across from a digested loop) and
each must be about 70 (or 140) nucleotides. This doubtless represents the
upper limit of loop size since some of the
digested material originates from small
nonreassociated regions and from ends
of reassociated regions (see accompanying report). Rough correction for these
effects yields an average loop size of
not more than 60 nucleotides.

Hyperchromicity of Si -Treated
Reassociated Satellite
Evidence that SI has removed nonpaired regions from reassociated satellite is provided by the latter's hyperchromicity; itclearly exceeds that of
untreated reassociated satellite but falls
short of that of native DNA (Fig. 149).
Indeed, the difference between the
hyperchromicities of native and reassociated SI satellite still exceeds the 1.1%
estimated to be caused by simple mismatches. Either this estimate is too low,
or there remain unpaired regions which
are inaccessible to the enzyme under
these digestion conditions. To try to
resolve this problem, reassociated satel-

lite was treated with SI under temperature and salt conditions (50°C, 0.01 M
NaCl, 0.03 M sodium acetate, pH 4.5,
3 X 10 -5 M ZnCl2, 30 min) more likely
to expose buried single-strand regions.
There was no increase in hyperchromicity over that shown in Fig. 149. I conclude that any remaining unpaired
regions are sufficiently short to resist
SI, even under comparatively stringent
digestion conditions.
Model of Mouse Satellite DNA
The simplest interpretation of the
foregoing results is that mouse satellite
DNA consists of a very simple sequence
(kinetic
at^50oC,
0.14 M PB
of about complexity
50 nucleotides)
tandemly
repeated in stretches of average size 750
nucleotides. Slight variations among the
millions of copies of this very short
sequence are apparently sufficient to
produce a Tm for reassociated DNA
3-4°C below that of native (perfectly
matched) DNA, implying that the average 50-long sequence differs from its
reassociation partner in about two
bases. Spacing the 750-long tracts are
regions of up to 60 nucleotides which
fail to base-pair upon reassociation and
are susceptible to digestion by SI nuclease. The nature of these regions is
completely unknown: they may or may
not be related to the highly repeated
sequence or to each other. Efforts to
isolate them are under way.
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Susceptibility of Native,
Reassociated, and Mismatched
DNA to SI Nuclease
Nancy Reed Rice

SI nuclease, originally described by
Ando (1966), is an enzyme which preferentially digests single-stranded
rather than double-stranded DNA, and
has been shown to possess both exonuclease and endonuclease activity
(Sutton, 1971). As seen in the preceding
report on the mouse satellite and in Tom
Bonner's study of intrastrand base pairing, itcan be an extremely valuable tool
in elucidating secondary structure in
reassociated DNA. The degree of SI
resistance, for example, is a measure
of the fraction of total bases involved in
a double-stranded structure. And the
size of SI -resistant DNA is an indication
of the average spacing between unpaired
regions. Precise interpretation of the
results of enzyme treatment, however,
requires more rigorous definition of
DNA susceptibility to SI, and the following experiments bear on this point.
Rate of Digestion of Denatured DNA
The rate of digestion of denatured
DXA was determined for three separate
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incubation conditions: (1) 50°C, low salt,
as described by Sutton (1971) (.01 M
NaO, .03 M sodium acetate, pH 4.5,
3X10' M ZnCl,); (2) 37°C, high salt, as
described by Hutton and Wetmur (1973)
(.2 M NaCl, 0.1 M sodium acetate,
pH
M ZnCU; mixture
and (3) 50°C,
high
salt.4.5,
Each10-4incubation
contained
20 A*g/ml denatured E. coli DNA of
piece size about 450 nucleotides, denatured 8H-DNA (Microtus montanus or
Mus musculus) of piece size about 3500
nucleotides, and 3 ^1 SI solution per ml
of incubation mix (enzyme prepared according to Sutton, 1971, with a final
passage through G-100 Sephadex). Decline in acid precipitability of 3H-DNA
was measured with time, and the results
are shown in Fig. 154. The enzyme was
most active in the 50°, low-salt solution,
where more than 80% of the total cpm
was rendered acid soluble within about
2V2 minutes. An incubation time of 30
minutes was chosen for all subsequent
50°, low-salt experiments. SI had the
lowest digestion rate in the 37°, highsalt solution, where 80% acid solubility
was found within about 20 minutes.
Two hours was chosen as the standard
incubation time for subsequent experiments utilizing these conditions. The
final extent of digestion — 96% to 98% —
was about the same for all incubation
conditions.
Effect of Si on Native DNA
SI appears to have very limited
ability to attack double-stranded DNA
at either the 37°, high-salt or the 50°,
low-salt criterion. During treatment of
native E. coli 14C-DNA of about 750
nucleotide pairs, 2.9% (37°) and 2.6%
(50°) of the total radioactivity was converted to molecules too small to bind to
HAP at 50° in 0.14 M PB. The 20 or so
nucleotides per strand thus liberated
probably arise predominantly from
frayed (single-stranded) ends generated
by shearing (French press, 12,000 lb/in2).
A second SI treatment, of material
which did bind to HAP in the above
experiment, resulted in more limited
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Fig. 154. Digestion of denatured DNA by nuclease SI. A mixture of denatured
3H-DNA and denatured E. coli DNA, was incubated with SI at 50°, low salt (solid
salt (open circles); a mixture of denatured L-cell 3H-DNA and denatured E. coli DNA
SI at 37°, high salt (X's). See text for digestion conditions. At the indicated times
drawn and tested for trichloracetic acid precipitability.

digestion: 0.5% (37°) and 1.0% (50°) of
the total radioactivity was rendered
unable to bind to HAP.
At least at the 37° criterion this small
amount of digestion almost certainly
takes place at the ends of the doublestranded molecules, for piece size measured in an alkaline sucrose gradient
remains more or less constant through
a two-hour incubation (Fig. 155a). Thus,
studies of reassociated DNA under
these digestion conditions can be expected to have only a negligible error
contributed by SI susceptibility of native DNA. At the 50° low-salt criterion
the situation is less clear because substantial reduction in average piece size
.occurred during a 30-minute incubation
(Fig. 155b). Under these conditions,
therefore, SI creates internal breaks in
a double-stranded molecule. It appears
likely, however, that this apparent
ability to digest double-stranded DNA
results solely from the existence of nicks
in the native molecule and from Si's
ability (at 50°, low salt, but not at 37°,

Microtus montanus
circles) or 50°, high
was incubated with
aliquots were with-

high salt) to cut the strand opposite the
nick. Both Tom Bonner and Germond
et al. (1974) have shown for low-salt
conditions (at 37° and 40°, respectively)
that breaks do not occur in regions
where both strands are intact, and my
own preliminary experiments with unnicked DNA
give ofthe reassociated
same result atDNA,
50°.
Thus,
studies
which can be presumed to be free of
nicks, will not be complicated by the
apparent double-strand activity of SI.
Effect of Si on Reassociated DNA
The susceptibility to SI of a reassociated simple DNA (a DNA free of mismatches) has been examined. As described inthe preceding report, T4 DNA
was reassociated to about 100xC0f1;
treated with SI under 37°, high-salt
conditions, and then sized in an alkaline
sucrose gradient. It was found that SI
treatment resulted in a 2.3-fold reduction in piece size compared to identically
treated DNA which had not been sub-
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jected to SI. As shown in Fig. 153 of
that report, this result implies an average of a single unpaired region on each
DNA strand in the reassociated complex. This region is susceptible to SI
digestion, resulting in each strand being
cut approximately in half .
The size of the digested region can be
estimated from the percent of the total
radioactivity liberated by SI digestion,
E. coli 14C-DNA of piece size 750 nucleotides was reassociated to about 50 xC0tV2
On .28 M PB at 56°), and material which
subsequently bound to HAP at 50° in
.14 M PB (96% of the total) was treated
with SI under either the 37°, high-salt
or 50°, low-salt conditions. As expected,
only very limited digestion occurred:
After the 37° treatment, 6.4% of the
total radioactivity was unable to bind to
HAP; and after the 50° treatment, 7.6%
was unable to bind. If we estimate that
digestion at the ends of reassociated
fragments accounts for about 1% of the
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nate molecules too small to bind in
0.03 M PB at 50°, and annealed at 53° in
0.21 M PB to C{Jt 6. Thermal denaturation in the Gilford spectrophotometer in
0.14 M PB showed a 3° Tm drop of the
reassociated DNA relative to native T4
DNA of about the same size — a situation which closely parallels reassociated
vs. native mouse satellite DNA. The
annealed T4 DNA was then treated with
SI at 50° in low salt and the resulting
piece size measured in an alkaline suerose gradient. Reassociated deaminated
DNA was found to have an average
single-strand piece size of about 2000
nucleotides, while the same DNA after
SI digestion had an average piece size of
about 1000 nucleotides. Since SI also
produced a two-fold reduction in size in
reassociated untreated T4 DNA, the
presence of the low level of mismatched
bases in the deaminated sample appears
not to have increased its susceptibility
to digestion to any appreciable extent.

radioactivity in what was originally a Let us say, for example, that a 3° Tm
750-long piece, then about 5.4% (37°) drop indicates that about 3% of the
arises from digestion of the unpaired bases in the reassociated T4 DNA are
internal region. Thus, this region is mismatched. For each 2000-long piece,
about 40 nucleotides long. This figure is then, there are about 60 bases involved
expected to be relatively independent of in mismatches. If SI cut the strand at
initial piece size, thus giving a lower only 3 of these, the resulting singlepercent digestion as piece size is in- strand piece size would be about 500
creased. On the other hand, the size of nucleotides, which it clearly is not.
the single-stranded regions is expected Thus, chain scission at the site of a
to be sensitive to the reassociation crite- simple mismatch occurs in less than 5%
rion (higher temperature and lower salt of the cases, and perhaps never,
resulting in a larger unpaired region) _XT . .^
. L.. ,
degrees
and to C0t (the lower the C0t, the greater ,DNA with somewhat higher
resistant
the number of unpaired bases). Thus, to °J mismatching also appears
DNA
coli
E
Radioactive
interpret the digestion results of a more to digestion.
extents, as
complex DNA, treatment of a simple was defeated to various
ab°ve> ^en ^associated with long nonDNA under the same reassociation and radioactive
and
DNA,
colisalt.
edE, low
treated with untreat
SI at 50
Again,
digestion conditions is required.
the results are consistent with there

Effect of SI on DNA Containing
Mismatches
To simulate reassociated repeated
DNA of higher organisms, denatured
T4 DNA was subjected to limited nitrous
acid deamination (1 M NaN02, pK 4.8,
60°, 3 min), passed over HAP to elimi-

being,no c,hain scissi°n (although breaksites
be ruled
even ch
for
th(; mismat
* ?f out),
a fe* P*1""51
a.f atcannot
samples whose Tm depression due to
mismatching approached 10°. This
trend obviously does not continue indefinitely. The greater the degree of
mismatching, the more destabilized the
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reassociated molecule and the more
likely it is to have local denatured regions susceptible to SI. And when the
Si incubation criterion is quite close to
the T o( the molecule, complete digestion may occur, as observed by Sutton
and McCallum (1972) for the hybrid
between satellite DNAs of M. musculus
and M. caroli. Nevertheless, for molecules with T 's sufficiently higher than
the incubation criterion, the presence of
simple mismatches does not confer increased susceptibility to SI.
Does Si Cut the Strand Opposite a
Digested Loop?
As discussed in the preceding report,
determination of the distance between
unpaired regions in reassociated mouse
satellite relies on the answer to this
question. If the answer is no, then the
single-strand piece size after SI digestion reflects the distance between loops;
if yes. then half this distance. I have
approached this problem by measuring
the double-strand piece size of reassociated mouse satellite DNA following
SI digestion at 37°, high salt. Referring
to Fig. 153 of the satellite report, one
can see that if SI does cut across from a
digested loop, then the resulting doublestranded molecules should have the
same length as the single strands liberated on alkaline denaturation (750 nucleotides). This was found not to be the
case. Mouse satellite 3H-DNA (singlestrand piece size 2900 nucleotides) was
reassociated to 100xC0f,,, treated with
SI, chloroform-octanol extracted, dialyzed, concentrated, and centrifuged
through a neutral sucrose gradient
(0.01 M tris, pH 8.4, 1 M NaCl, 0.003 M
EDTA, 0.T/ Sarkosyl) with a marker
native DNA of 750 base pairs. Average
size of satellite DXA was found to be
1450 base pairs, clearly different from
the 750 base pairs expected if SI were to
cut the strand across from a digested
loop. I conclude that under the 37°,
high-salt digestion conditions such
chain scission occurs seldom if at all and
that, therefore, the average distance
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between looped-out regions in reassociated mouse satellite is 750 nucleotides.
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Single-Copy DNA Relatedness
among Several Species of the
Cricetidae [Rodentia]
Nancy Reed Rice

There are two principal biochemical
means for determining relatedness
among species. In the first, a specific
protein, say hemoglobin, is isolated
from one species and its immunological
similarity to hemoglobins of other
species is measured. The greater this
similarity between proteins of two
species, the more evolutionary related
the species are taken to be, and the more
recent the existence of their last common ancestor. This approach is described indetail in Don Wallace's report
(this Year Book) on plastocyanin relatedness among the Flowering Plants.
In the second method, DNA sequences
present only once per cell (single-copy
DNA) are isolated from one species, and
the average relatedness of this class of
molecules to DNAs of other species is
determined. Provided radioactive pure
nuclear DNA is available — a condition
difficult to fulfill with plant but not
animal material — the second approach
is the less cumbersome and time consuming, and I have employed it to explore relatedness among various species
of rodents.
The rodents constitute a large and
amazingly diverse group, the number
of species exceeding that of all other
mammals combined (Romer, 1966).
Within the order, relatedness varies
from extremely high (there is no detect-
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able difference, for example, between
the single-copy DNAs of two subspecies
of Mus musculus (Rice and Straus,
1973)) to barely detectable (guinea pig
DNA appears nearly as distant from
mouse as does DNA of a nonrodent
mammal). Species which are relatively
closely related are potentially useful in
studies of satellite DNA evolution, as
has been demonstrated with several
species of Mus (Sutton and McCallum,
1972; Rice and Straus, 1973) and of
Dipodomys (Mazrimas and Hatch, 1972).
The Peromyscus group (comprising
numerous species of North American
mice) appeared to be a possible addition
to this list, as well as to offer the advantages over Mus of ready availability
and of a greater number of more closely
related forms. I have therefore measured single-copy DNA relatedness
among five species and subspecies
kindly sent to me by Dr. John Coe of the
Rocky Mountain National Laboratory
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(Hamilton, Montana). More distantly
related species of rodents are useful in
determining how the group as a whole
evolved, a major unsolved problem,
given the paucity of Eocene, Oligocene,
and Miocene fossils. Toward this end, I
have also hybridized single-copy DNA
of the meadow vole (Microtus pennsyU
vanicus) with a variety of DNAs from
distant relatives, such as hamster,
mouse, guinea pig. Results of these
experiments are given below.
The Peromyscus Group
Relatedness among the several Peromyscus species has been assessed according to the ability of their DNAs to
hybridize with single-copy 3H-DNA
isolated from P. maniculatus bairdii
(deer mouse) or from P. californicus
(California mouse): the higher the thermal stability of the cross-product, the
greater the relatedness. Procedurally,

80

90

(°C)

Fig. 156. Thermal elution profile of P. m. bairdii single-copy 3H-DNA reassociated with P. californicus DNA. P. m. bairdii single-copy 3H-DNA (average size 450 nucleotides) was prepared by incubation
to C0t equiv. 170 and collection of nonreassociated molecules (62% of total) by passage through HAP at
50°C in 0.14 M PB. For this experiment, about 3^g single-copy 3H-DNA (1400 cpm/^g) was annealed
with 1.3 mg denatured P. californicus DNA and denatured E. coli 14C-DNA (which serves as an internal
standard for column operation) in 1.15 ml 1 M PB, 0.005 M EDTA at 64°C for seven days. One half of the
sample was diluted to 0.14 M PB and applied to HAP at 45°; 75% of the 3H-DNA, 77% of the UC-DNA
and.86% of the nonradioactive DNA bound. Reassociated DNA was eluted during a linear temperature
gradient. Column buffer, 0.14 MPB, 0.06% SDS.
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single-copy 3H-DXA is annealed with a
large excess oi nonradioactive DXA
from another species to a high enough
C0t >o that most of the DXA reassociates. This mixture is then passed over
hydroxyapatite (HAP), and the bound
material is eluted by means o( a linear
temperature gradient. Since the :*HDNA, present in very small amounts,
reassociates primarily with the excess
nonradioactive DXA, its thermal elution profile indicates the stability of
these cross-products. An example of
such an experiment is given in Fig. 156,
and the results of all such experiments
are shown in Table 19 and Fig. 157
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Compared to the thermal stability of
the homologous product (such as P. m.
bairdiiwith
single-copy
:*H-DNA
ciated
nonradioactive
P. m. reassobairdii
DXA), stabilities of the cross-products
are depressed from < 0.6 °C (P. m.
bairdii :*H-DXA with P. m. artemisiae
DXA) to about 4°C (e.g., P. m. bairdii
:<H-DXA with P. California^ DXA). The
two subspecies's DXAs may or may not
prove to be different; although the 0.6°
depression was observed in two separate
experiments, this small effect does fall
within the range of experimental error.
At the other extreme, the approximately
4°C Te50 depression indicates that the
Peromyscus crinitus (canyon mouse)
P. californicus (California mouse)
P rn. bairdii
P.m. artemisiae
P leucopus

(deer mice)

(white footed mouse)

Microtus pennsylvamcus (meadow vole)

Oryzomys palustris (rice rat)
Mesocncetus auratus (Syrian hamster)
Cricetulus griseus

(Chinese hamster)

Mystromys albicaudatus (white tailed rat)
Mus muscu/us (house mouse)
M. caroli
M. cervicolor
Rattus norvegicus (rat)

Cavia pore el /us (guinea pig)

J

I

-20°

I

L

J

I

L

-10°

ATe50 Single-copy

DNA

Fig. 157. Rodent evolutionary tree, based on relatedness of single-copy DNAs. Data from Table 19,
from Rice and Esposito (Year Book 72, p. 200), from Rice and Paul (Year Book 71, p. 262) and from Rice
and Straus (1973). It is important to note that for technical reasons the abscissa may be linearly related
to time only for A Te§$ values of less than 10° or so. For example, guinea pig and house mouse are estimated by paleontologists to have diverged more than 35 million years ago, and rat and mouse about 10
million years ago.
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TABLE 19. Relatedness of Single-Copy DNAs

Single-Copy
3H-DNA

Nonradioactive
DNA Added

DNA)
(added

maniculatus
bairdii
Peromyscus
maniculatus
bairdii
Peromyscus
maniculatus
bairdii
Peromyscus
maniculatus
bairdii
Peromyscus
maniculatus
bairdii
Peromyscus
maniculatus
bairdii
P. californicus
P. californicus
P. californicus
P. californicus
P. californicus
P. californicus
M.
M.
M.
M.

pennsylvanicus
pennsylvanicus
pennsylvanicus
pennsylvanicus

M. pennsylvanicus
M. pennsylvanicus
M. pennsylvanicus

OD

X*C-E. coli
7V,„-H-DNA
Relative to

K. coli DNA

*H$

of
Hybrid

-6.4

reromyscus
maniculatus

bairdii
Peromyscus

Percent
Bound to HAP

C t*
P. m. bairdii

P. m. bairdii

3300

80
89
-6.7
78

3300

88.7

82.3
-7.0

88
P. m. artemisiae

77

2500

88.8

86
P. m. artemisiae

89.3"

-6.1"

82.1
83.2"

-8.4

79

89.4

82.4

79

89.9

81.5

-10.2

78.8

-6.4
-10.4
-9.4

77.7

-10.1
-10.8

84
P. leucopus

1900

89

P. californicus

1900

86

75

P. crinitus
P. californicus
P. crinitus
P. m. artemisiae
P. leucopus
Micro tus

1200
1200
1400
4100
2700

62
80
76

67
56
63
72

87

73

pennsylvanicus
Oryzomys

5800

palustris
M. pennsylvanicus
P. maniculatus
0. palustris
Mesocricetus
auratus
Mystromys
albicaudatus
Mus musculus
Cavia porcellus

3700
2800
2800
4000
3500
4300
2800
3800

91

51

87
91
89
89

47
43
84

84

48
40

89
91
93

41

38
16

89.0

88.1
90.0
87.6
87.6
89.0

83.6
78.2
77.5

-23.7

0.6"

65.8

-21.3
-23.6

2.1°

82.7
67.0
65.5

-24.2

89.1
90.2

-22.0
-6.3

78.2
67.2

89.2
89.5
89.0
88.3

.. .

66.0

3.9°

-25.3
-26.7
-29.3

4.1°

64.3
89.6
89.2
89.8

62.5
60.5

15.6°
17.1°

*No correction for the high salt concentration has been made in calculation of C0f's. For comparison, E. coli DNA of 15.0°
similar size reassociates under these conditions with C0ty2 about 1.3.
17.3°
1Te50 is the temperature at which one-half of the bound material has eluted.
}All single-copy 3H-DNA fractions contained some repeated sequences, for 7%-17% of the total 3H-cpm was able to 17.9°
bind to HAP after annealing to short C0t (~30) with heterologous DNA. Results given in the table have not been corrected for this effect and represent total binding.
19.0°

§In experiments where both DNAs are from Peromyscus species, 3H-DNA eluting below 70° (11%-17% of total cpm) 20.4°
was disregarded in calculating Te50. It was found that such material resulted from residual repeated DNA in the single- 23.0°
copy 3H-DNA fractions.
Experimental procedure as described in Fig. 156.

P. m. bairdii-P. californicus crossproduct contains roughly 4% mismatched bases and thus that each DNA
has accumulated about 2% base changes
since the existence of the last common

ancestor. This is roughly comparable to
the divergence observed between Mus
musculus and M. caroli (Rice and Straus,
1973). More closely related pairs are
P. leucopus (white-footed mouse) and

3.0°
3.7°
4.4°
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P. m. bairdii | Teu depression about 2°),
and P. crimtus (canyon mouse) and P.
caUfomicus j 7Y-0 depression about 3°).
This range of relatedness should make
the Peromyscus group (with its approximately 40 speeies. Hooper, 1968) ideal
for the study of satellite evolution, and
preliminary experiments with repeated
DNAs suggest that this is true.
Outside the Peromyscus Group
Relatedness of the Peromyscus group
to the other rodents tested appears
much more distant. The most extensive
homology
was seen
between1
Peromyscus and Microtus
DNAs,
but even
in this
ease the 7Y-l0 depression was about 15°
— comparable to that observed in hybrids o( rat and mouse DNAs (Rice and
Paul. 1972) and in hybrids of man and
New World monkey DNAs (Kohne et al,
1970). Homology of Peromyscus or
Microtus DNA with that of other species
of the Cricetidae — Oryzomys palustris
(rice rat), Mesocricetus auratus (Syrian
hamster), or Mystromys albicaudatus
(white-tailed rat) — is even lower; and it
is so low between Microtus and Cavia
porceUus (guinea pig) DNAs that relatively few stable hybrids are formed.
The future usefulness of this technique
is attested to by the fact that the evolutionary tree (Fig. 157) constructed from
the data is in good qualitative agreement with that based on the fossil record and on morphological criteria.
References
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Reassociation or Thermal Elution
of DNA in Solutions Containing
Sodium Perchlorate
B. H. Hoyer and N. W. van de Velde

The Biophysics Section has had a continuing interest in DNA-DNA reassociations as well as DNA-RNA hybrid
formation. These nucleic acid interactions have become increasingly important in studies involving genetics, phylogenetics, and developmental biology.
During reassociations which may be
quite prolonged, both DNA and RNA
are subject to thermal scission and nuclease activity. These scissions may have
very deleterious effects on the subsequent interpretation of the data derived
from affected reaction mixtures. It is
therefore important to protect both
DNA and RNA from the thermal degradation which becomes evident after
several days exposure to high temperatures. In addition, acceleration of reaction rate is often desirable, and it is very
beneficial if there is protection from
residual nuclease activities that may
remain after DNA and, particularly,
RNA purification.
Sodium perchlorate has long been
known to lower the temperature of native DNA strand separations; the concentrations of NaC104 necessary to
affect strand separation are quite high
and may also accelerate the reaction
rate of complementary polynucleotides
due to the correspondingly high cation
concentration (Year Book 68, p. 385).
We have therefore examined the effects of NaC104 on the thermal denaturation of native and reassociated DNA
fragments as well as on nucleic-acid
reassociation rates and protection of
RNA from RNase activities.
Effects of NaC104 on thermal denaturation have been observed spectrophotometrically and by thermal elution
of adsorbed DNAs from hydroxyapatite
(HAP). Table 20 summarizes the melt-
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20. Thermal Denaturation of DNAs in the Presence or Absence of NaC104 as Observed
Spectrophotometrically or by Elution from Hydroxyapatite CHAPj*

DNA and solvents
Native
+
+
+
+
+
+

Spectrophotometry (Tw)

Calf Thymus
.07PB
.07 PB + 1.0MNaClO4
.07 PB + 1.5 M NaC104
.07 PB + 2.0 M NaC104
.07 PB + 4.0 M NaC104
.07 PB + 5.0 M NaC104 C)

Elution from f f AP (TeJ

81 °C
92°C
82°C
79°C
67°C
62°C

Reassociated 3H-green monkey unique DNA (41% G + C)
+ 0.14PB
+ 0.14 PB+ 4.0 MNaClO,
Reassociated liC-Escherichia coli K12 (50% G
+ 0.14AfPB+4.0MNaClO4

87.7°C
68.8°C

Reassociated uC-Hydrogenomonas eutropa (68% G + C)

73.7°C

*Spectrophotometric determinations were done with a linearly ascending temperature gradient. The
absorbance increase at 260 nm was recorded to determine the midpoint of the hyperchromic77.1
shift
°C {Tm ).
The NaC104 was combined with 0.07 M (equimolar mixture of Na2HP04 and NaH2P04) phosphate buffer
(PB). Elutions from HAP were done in jacketed columns with a lineraly ascending temperature gradient
(Year Book 69, p. 513). 4 M NaC104 was included in 0.14 M PB. The green monkey DNA was specifically
labeled with 3H-thymidine, and theE. coli sa\dH. eutropaDNAs were randomly labeled with 14C-glucose
or 14C02, respectively. The DNAs were 450 nucleotides per single strand.

ing properties of the various DNAs examined. Itis evident that NaC104 either
has no effect on spectrophotometric
melting properties of native calf thymus
DNA or actually raises the melting temperatures until about 2.0 M NaC104 is
added. The lowering of the temperature,
corresponding to the midpoint of the integral thermal denaturation curve (Te50),
becomes pronounced with the addition
of 4.0 M NaC104. Thermal elution from
HAP is also affected by the addition of
4.0 M NaC104 where an 18.9°C Teso lowering was observed. This compares with
a Te50 lowering of about 14°C by 8 M
urea under comparable conditions (Kieff
et a/., 1972). The NaC104 is more stable
and gives a greater temperature differential than 8 M urea. Using the green
monkey and Hydrogenomonas eutropa
DNAs for comparison, a 0.3°C Te50 increase per 1% G + C increase was noted.
The effect of NaC104 on the rate of reassociation was determined by incuba-

tion of randomly labeled, denatured
Escherichia coli 14C-DNA fragments in
0.14 M PB at 60°C or in 0.14 M PB - 4.0
M NaC104 at 41 °C (conditions equivalent
to 0.14 M PB at 60°C). The reassociation
rate, as determined by differential elution from HAP, was 3.5-fold greater
(C0tl/2 = 1.15) in 0.14 MPB- 4.0 M NaC104 at 41°C than in 0.14 M PB at 60°C
(C0tV2
= 4.0).
is about observed
1.75-fold
faster than
the This
reassociations
in 50% formamide at comparable criteriaYear
(
Boo k 69, p. 508).
RNA labeled with 32P was prepared
from E. coli K12 and used to determine
the effects of NaC104 on RNase activity.
The results are summarized in Table 21.
It is apparent that 4 M NaC104 protects
RNA from high concentrations of RNase, while 2 M NaC104 has a partly protective effect. Unfortunately the protective effect is reversible because dilution
of the NaC104 restores the RNase activity. However, conditions employed for
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TABLE 21. Effect of XaC104on RNase Activity
Concentration of NaCIO*
(3f)in0.14MPB
0

1

4
TCA precipitable
"P-RNA*

0

4

29

100

diluted"
0

'Approximately L/tg RNA was exposed to 50
g RNase per ml at 41 °C for one hour in the
N&ClOj concentrations indicated. The mixture
was precipitated with 10f7 cold trichloracetic acid,
and the precipitate was collected on nitrocellulose
filters and washed with 10rr trichloracetic acid.
Filters were dried, and the radioactivity was
measured with a scintillation counter.
~An incubated reaction mixture (as above) with
4.0 M NaC104 - 0.14 M PB was diluted 50-fold,
incubated 20 minutes at 41 °C, and the precipitable
"P-RNA measured as above.

4 M NaCIO, - 0.14 MPB incubations effectively inhibit drastic assault by
RNase.
In summary, the presence of 4 M
NaC104 increases the reassociation rate
of DNA 3.5-fold and lowers the activity
of pancreatic RNase. These observations
should be of general value to those interested in nucleic acid reassociations
and their attendant use as biological
probes.
Reference
Kieff, E., B. Hover, S. Bachenheimer, and B. Roizman, J. Virol, 9, 738-745, 1972.

Studies of Memory

Consolidation

R. B. Roberts

A year ago we reported that N-acetylaspartic acid (NAA), injected i.p. into
the DBA strain of mice caused a doubling of the rate at which the mice learned
a conditioned avoidance response. This
compound was originally tested because
it was reported to stimulate peptide synthesis in brain homogenates, and there
are several indications that peptides are
involved in the learning process.
Having established this behavioral
effect, we then attempted to find cor-
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responding biochemical changes in the
brains of the treated mice. Presumably,
the NAA stimulates the synthesis of
some compound required for the consolidation of memory. This approach
seemed particularly promising because
homogenates of the brains of trained
mice, injected i.p. into naive recipients,
have also caused an increase in the rate
of learning. Thus, any compound whose
synthesis was stimulated by injection
of NAA could be checked for its significance by the behavioral test. The identification of such a compound would be
valuable in the understanding of memory consolidation. Furthermore, the
findings have a possible practical application. NAA is a very prominent amino
acid in the brain, where it is synthesized,
but is not found elsewhere in the body.
Since it is synthesized enzymatically,
there is the possibility of defective enzymes, which would lead to a shortage
of NAA. Since the NAA does seem important in learning, its absence might
cause some form of mental deficiency
readily cured by injection of NAA.
After a year's effort and hundreds of
column runs we now report that we have
not been able to find any significant
changes in the brain metabolism caused
by NAA. The extent of the tests giving
negative results is given below.
The search was hindered by the difficulty that there are only vague indications as to what compounds might be
involved, and where and when they are
synthesized. Three classes of compounds
were considered likely candidates: catecholamines, since they have been implicated in memory formation and recall;
peptides, since NAA stimulates peptide
synthesis in homogenates; and proteins,
since there are theoretical reasons to
believe that they are involved in longterm memory. The question of the location was bypassed by using homogenates of the entire brain in the hope that
the extra dilution caused by inactive
portions of the brain would not be significant. The time period most likely to
be crucial was considered to be the first

DEPARTMENT

OF

TERRESTRIAL

MAGNETISM

3-4 hours after training, since this is the
period during which short-term memory
is converted to long-term. Trained mice,
however, contain some substance in
their brains capable of facilitating the
training of naive mice at the end of a
five-day training period. Some experiments were therefore done after five
days of NAA and training.
Catecholamines
No change in the level of norepinephrine was found at 2 or 4 hours after
NAA injection. L. B. Flexner found no
effect on the rate of synthesis of norepinephrine ordopamine.
Amino- Acid Metabolism
A mixture of 14C-labeled amino acids
was injected i.p., and after various periods of incorporation the brain was homogenized and its components analyzed
on DEAE columns. The differences
caused by NAA injection, with or without training, were less than the differences in the elution pattern from one
run to another.
In an attempt to minimize these differences one mouse (NAA treated) was
injected with a 14C-labeled amino acid,
and the control was injected with the
same amino acid labeled with 3H. The
brains were then homogenized together
and analyzed. Unfortunately, even in a
period as short as one hour, the amino
acids are largely (90%) metabolized to
water and C02. Thus the 3H-labeled
amino acids give a very large H20 component which contaminates other peaks.
The elution profiles for 3H and 14C do not
coincide even when both amino acids are
injected in the same mouse.
As there is no assurance that any
particular amino acid will be present in
a small peptide, a number of amino
acids were tested, including glycine,
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alanine, valine, leucine, isoleucine, and
proline. All gave essentially the same
negative results including the high proportion metabolized to H20.
In addition to analysis on DEAE
columns, the homogenates were run on
molecular sieve columns to look for components ofdifferent size. They were also
analyzed on cation exchange columns to
detect peptides, and the eluates were
adsorbed to an anion exchange column
and eluted in search of N-acetyl peptides. Again, no significant differences
were observed.
We do not regard these tests as proof
that no new peptides are formed. The
metabolism of amino acids is rapid and
there are large internal pools. Thus any
peptides formed would be of low specific
radioactivity, and a considerable quantity would be required for detection.
Glucose Metabolism

14C-labeled glucose was used as an
alternative source of amino acid. The
incorporation of this tracer was very
much more efficient, presumably because much less was degraded to C02.
No significant differences were found.
Conclusion
The hypothalami of hundreds of thousands of sheep were collected to obtain
sufficient material to isolate and identify a small peptide which acts as a
hormone releasing factor. If the compound influenced by NAA exists in such
small quantities, much more elaborate
methods will be needed to identify it;
such a project cannot be done here. On
the other hand, there remain numerous
simple experiments which still can be
tried. Any one might lead to positive
results.
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a new era; p. 587, June 1974, Maurice
Ewing and the Atlantic continental shelf.

Administrative Reports

Report of the Executive Committee
To the Trustees of the Carnegie Institution of Washington
Gentlemen:
In accordance with the provisions of the By-Laws, the Executive Committee
submits this report to the Annual Meeting of the Board of Trustees.
During the fiscal year ending June 30, 1974, the Executive Committee held four
meetings. Printed accounts of these meetings have been or will be mailed to each
Trustee.
The estimate of expenditures for the fiscal year beginning July 1, 1974, has been
reviewed by the Executive Committee.
Three vacancies exist in the membership of the Board of Trustees, resulting from
the resignation of Alfred L. Loomis in April 1973, the resignation of Garrison
Norton in April 1974, and the death of William W. Rubey in April 1974.
The term of office of the Chairman of the Board of Trustees expires on May 9,
1974. The terms of all Committee Chairmen and the following members of Committees also expire on May 9, 1974:
Executive Committee
Caryl P. Haskins
Keith S. McHugh
m
TTT'ir
William t1. Myers
„.£ rankt a,
,
Stanton
Finance Committee
Crawford H. Greenewalt

Nominating Committee
William M. Roth
D ..
.„
L ommittee
Retirement
~
, ~ TT , .
Caryl
P. Haskins
„ril.
William ,M.r ^Roth,,
Frank Stanton

Auditing Committee
Charles P. Taft

William McChesney Martin, Jr., Chairman

May 9, 1974
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Abstract of Minutes
of the Seventy-Sixth Meeting of the Board of Trustees
The annual meeting of the Board of Trustees was held in the Board Room of the
Administration Building on Thursday, May 9, 1974. The meeting was called to
order by Chairman Garrison Norton.
The following Trustees were present: Lewis M. Branscomb, Michael Ference,
Jr., William T. Golden, Caryl P. Haskins, William R. Hewlett, William McChesney Martin, Jr., William I. Myers, Garrison Norton, Walter H. Page, Robert
M. Pennoyer, William M. Roth, Frank Stanton, Charles P. Taft, Charles H.
Townes, Juan T. Trippe, and James N. White. The President, Philip H. Abelson.
was also in attendance.
The Chairman notified the Trustees of the death of William W. Rubey and spoke
of Dr. Rubey's remarkable achievements and of his contributions to the Institution. The Trustees passed the following resolution:
Be It Resolved, That the Board of Trustees of the Carnegie Institution of
Washington hereby records its deep sense of loss at the death of their distinguished fellow member, William W. Rubey.
And Be It Further Resolved, That this resolution be entered on the Minutes
of the Board of Trustees and that a copy be sent to Mrs. Rubey.
The minutes of the Seventy-Fifth Meeting were approved.
The resignation of Garrison Norton as Trustee was accepted with regret. Mr.
Norton was designated Trustee Emeritus.
Hanna Holborn Gray, Patrick E. Haggerty, and Robert C. Seamans, Jr., were
elected members of the Board of Trustees.
On the recommendation of the Nominating Committee, William McChesney
Martin, Jr., was elected Chairman of the Board for a term ending in 1977, and
Frank Stanton was elected Vice-Chairman of the Board for a term ending in 1976.
The following were elected for one year terms: Frank Stanton, as Chairman of
the Executive Committee; Richard S. Perkins, as Chairman of the Finance Committee; Keith S. McHugh, as Chairman of the Auditing Committee; Caryl P.
1119
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Haskins, as Chairman of the Nominating Committee; and Carl J. Gilbert, as
Chairman of the Retirement Committee.
Vacancies in Standing Committees, with terms ending in 1977, were filled as
follows: Lewis M. Branscomb, Caryl P. Haskins, Keith S. McHugh, and William
I. Myers wore elected members oi the Executive Committee; Crawford H. Greenewait was elected a member of the Finance Committee; Charles P. Taft was elected
a member of the Auditing Committee; Robert M. Pennoyer was elected a member
of the Nominating Committee; and Henry S. Morgan and Charles H. Townes
were elected members of the Retirement Committee.
The reports oi the Executive Committee, the Finance Committee, the Retirement
Committee, and the Auditing Committee were accepted. On recommendation of
the latter, it was resolved that Arthur Andersen & Co. be reappointed as public
accountants for the fiscal year beginning July 1, 1974.
The annual report of the President was accepted.
Article VII. Section G, of the By- Laws was amended to read as follows:
ARTICLE

I

The Trustees
6. A Trustee who resigns after having served at least five years and having
reached age seventy shall be eligible for designation by the Board as a
Trustee Emeritus. A Trustee Emeritus shall be entitled to attend the annual
meeting of the Board but shall have no vote and shall not be counted for purposes of ascertaining the presence of a quorum. A Trustee Emeritus may be
invited to serve in an advisory capacity on any committee of the Board of
Trustees except the Executive Committee.
To provide for the operation of the Institution for the fiscal year beginning
July 1. 1974, and upon recommendation of the Executive Committee, the sum of
$6,454,810 was appropriated. To provide for construction expenses of the Irenee
du Pont Telescope project at the Las Campanas Observatory for the fiscal year
beginning July 1, 1974, and upon recommendation of the Executive Committee,
the -urn of 8445,000 was appropriated from the Unrestricted Capital Fund for use
at the discretion of the President. The principal and income of the Martin Fund,
totaling S26.181.04, was appropriated for the purchase of special equipment for
the Department of Plant Biology.

Financial Statement
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REPORT

OF INDEPENDENT

To the Auditing Committee
Carnegie Institution

]). 'J. 'd()<><)<>

23, 1974

PUBLIC ACCOUNTANTS

of
of Washington:

We have examined the statement of assets, liabilities and
funds of CARNEGIE INSTITUTION OF WASHINGTON (a nonprofit corporation
chartered by Act of the United States Congress) as of June 30, 1974,
the related summary statement of changes in funds for the year ended
June 30, 1974, and the supporting exhibits and schedules, all of which
are set forth on the twelve immediately following pages.
Our examination
was made in accordance with generally accepted auditing standards,
and accordingly included such tests of. the accounting records and such
other auditing procedures as we considered necessary in the circumstances
As explained in the accompanying summary of significant
accounting policies, the Institution changed its basis of accounting
from the cash to the accrual basis and changed its policies with
respect to capitalization of buildings and equipment in 1974.
Accordingly, the 1973 statement of assets, liabilities and funds,
which is presented for comparative purposes, has been restated to
reflect the consistent application of accounting methods.
In our opinion, the financial statements and supporting
exhibits and schedules referred to above present fairly the assets,
liabilities and funds of Carnegie Institution of Washington as of
June 30, 1974, and the changes in funds for the year then ended,
in conformity with generally accepted accounting principles.

P\S^£A\AAA^
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CARNEGIE
SUMMARY

INSTITUTION OF WASHINGTON

OF SIGNIFICANT

ACCOUNTING

POLICIES

Basis of Accounting

In 1974. the financial statements of the Institution were prepared on the accrual basis of accounting. In prior years, the Institution used the cash receipts and disbursements basis of accounting. The
purpose oi this change was to conform with recently issued Audit Guides of the American Institute of
Certified Public Accountants which recommend accrual basis accounting for nonprofit institutions. The
L973 financial data contained herein have been restated on the accrual basis for purposes of comparison.
The differences in the 1973 financial data restated on the accrual basis and on the former cash basis
are not material to the financial statements.

Land. Buildings and Equipment

To comply with the recommendations of the Audit Guides mentioned above, the Institution has
retroactively capitalized expenditures for telescopes, other significant equipment and construction projects in progress. In prior years construction in progress expenditures were charged to current operations, and the projects and related costs were not capitalized until such projects were completed;
telescopes and other significant equipment were charged to current operations and not capitalized. Expenditures for other equipment are charged to current operations as incurred and the cost of such equipment is not capitalized. The Institution follows the policy of not depreciating its buildings, telescopes
and significant equipment.

Rotimmpnt

Plan

The Institution has a noncontributory retirement plan in which all regularly employed United States
personnel are eligible to participate. Voluntary contributions may also be made by employees. Actuarially determined contributions are funded currently by the Institution, and there are no unfunded past
service costs. The toral contributions made by the Institution were $425,249 in 1974 and $431,320 in
1973. Benefits under the plan upon retirement are dependent upon the investment performance of the
Institution's Retirement Trust.

After four years' participation, benefits are fully vested.

1126

CARNEGIE
STATEMENT

A

INSTITUTION OF WASHINGTON

ASSETS, LIABILITIES AND FUNDS
JUNE 30, 1974 AND 3 97:5

ASSETS

1974
169,952

$

Cash

1973
$

364,872
301 ,738

Accrued interest

296,327

Grants receivable

40,142

70,513

Advances

41,754

29,724

2,492,031

1,499,375

20,489,912

30,881,906

Investments (cost),* Schedule 2:
Governmental bonds
Nongovernmental bonds
Mortgage

2,885

Common stocks

61,184,698

51,346,547

84,166,641

83,730,713

763,816

763,228

Buildings

3,524,961

3,192,208

Equipment

6,494,696

4,780,643

$95,498,289

$93,133,639

$

$

Total investments
Land

Total assets

LIABILITIES AND FUNDS
Liabilities:
Operating Fund

230,696

Restricted Grants

2,052
232,748

Total liabilities

3,544,917

Operating Fund, Exhibit 1

227.971
12,492
240,463
3,512,188
14.52S

Restricted Grants, Exhibit 2

35,713

Endowment and Special Funds, Exhibit 3

80,901,438

80.630,381

Plant Fund

10,783,473

8.736,079

$95,498,289

$93,133,639

Total liabilities and funds

•^Approximate market value on June 30, 1974:

898,200.017 (August 31, 1974:

S80.767.329):

1127

on June 30. 1973:

S124.770.315.
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CARNEGIE
EXHIBIT 1

INSTITUTION OF WASHINGTON

CHANGES

IN OPERATING

FOR THE YEAR ENDED

FUND

JUNE 30, 1974

Balance, July 1, 1973

S 3,512,188

Appropriations, Statement B:
Budget, July 1, 1973 to June 30, 1974
Las Campanas Observatory
Unrestricted Capital Fund
Greenewalt Astronomy Fund
Plant Biology, Martin Fund

§6,221,945
1,724,000
265,000
26,181

Total available for expenditures

8,237,126
11,749,314

Expenditures:
Salaries
Employee benefits
Equipment
Building maintenance
Educational and research supplies
Administrative
Fellowship grants
Financial advisory services
Taxes
Consulting fees and insurance
Travel
Publications
Commissary
Awards
Shop
Entertainment
Fellowship travel
Rent

$2,999,260
559,924
501,314
433,518
382,127
282,454
201,644
199,095
162,527
120,090
117,719
91,049
35,807
31,594
15,882
13,321
5,308
2,817

6,155,450

Transfers to Plant Fund:
Construction in progress, equipment
Construction in progress, building
Building completed
Land

1,714,053
324,170
10,136
588

2,048,947

Total expenditures

8,204,397

Balance, June 30, 1974

S 3,544.917

1129

CARNEGIE
EXHIBIT 2

INSTITUTION OF WASHINGTON

CHANGES

IN RESTRICTED

FOR THE YEAR ENDED

GRANTS

JUNE 30, 1974
Expenditures

Balance
July 1. 1973
Aldrieh Gift

$
316

gi< al Survey

s SO. 000
14,023

Golden Gift

$

7.700

2,188
...

v seley Gift
Muscular Dystrophy
Association

79
10,800
333

1,500

National Aeronautics &
•• Administration

132,133

National Cystic Fibrosis
Research Foundation

175,599

Office of Naval Research ....

20,032

Wistar Institute
$14,528

2,188
6

73

9,601

1,199

89,348

49,291

5,250
126,308

4,779

255

255

1130

31,412

15,253
8,666

S504.972

1,452
29

8,166

28,432

336

5,765

42,785

500

Terrestrial Magnetism
Tree Fund

$

4,871

188

5,250

National Science Foundation . .

2,500

1,833

31,600

National Academy of Sciences

Total

JuneBalance
30, 1974

79,980

5,704

Jane Coffin Childs
Memorial Fund

Public Health Service

Other

S 2.500

Carnegie Corporation of
New York

Jet Propulsion Laboratory

Salaries

Grants

13,150
S128.179

14,070
$355,608

1,212
$35,713
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INSTITUTION OF WASHINGTON

INVESTMENTS,

JUNE 30, 1974

Description

Par

Cos/

ApproximaU

999,375

S

Federal Agency Bonds
Federal Home Loan Banks,
Cons., 7.30s, 1983
Federal Home Loan Banks,
Cons., 7.80s, 1976
Twelve Federal Land Banks,
Cons., 7.30s, 1982

1,000,000

S

920,000

1,000,000

992,656

975,000

500,000

500,000

459,375

2,492,031

2,354,375

500,000

500,000

290,000

649,000

649,000

501,353

500,000

517,267

497,500

800,000

800,000

634,000

Total
Foreign Bonds
Alberta Government Telephone Commission,
Deb., 43/4s, 1989
Alcan Aluminum Corporation,
Prom. Note, 43/4s, 1984
Aluminum Co. of Canada, Ltd.,
S. F. Deb., 9V2s, 1995
Churchill Falls (Labrador) Corp. Ltd.,
1st Mtg. Series A, 73/4s, 2007
I AC Ltd.,
Sec. Note, 5V4s, 1982
Quebec Hydro-Electric Commission,
S. F. Deb., 5s, 1988

750,000

750,000

519,375

662,000

650,083

443,540

Quebec Hydro-Electric Commission,
Deb. Series BN, 9V4s, 1995

500,000

504,126

475,000

4,370,476

3,360,768

925,000

925,000

897,250

375,000

375,500

367,031

200,000

200,510

188,000

250,000

251,050

165,625

250,000

251,551

210,000

212,225

155,400

300,000

300,000

199,125

2,515,836

2.133,681

688,000

688,000

534,920

500,000

500,000

499, 4S5

1,000,000

1,000,000

999,810

760,000

760,000

573.800

Total
Public Utility Bonds
American Telephone & Telegraph Company,
Deb., 8.70s, 2002
American Telephone & Telegraph Company,
Deb., 83/4s, 2000
Minnesota Power & Light Co.,
1st Mtg., 3V8s,1975
Pacific Gas & Electric Co.,
1st & Ref. Mtg. Series BB, 5s, 1989 . . .
Pacific Power & Light Co.,
1st Mtg., 43/8s, 1986
Potomac Electric Power Co.,
Deb., 45/8s, 1982
Washington Water Power Co.,
1st Mtg., 478s, 1987
Total

161,250

Industrial and Miscellaneous Bonds
Boeing Co.,
Notes, 63/8s, 1986
Chemical Bank N. Y. Trust Co.,
Ctf. of Dep., 10.60s, 1974
Chemical Bank N. Y., N. Y.,
Ctf. of Dep., ll3/8s, 1974
Columbia Broadcasting System Inc.,
Prom. Note, 5V2s, 1991
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Description

Par

Cost

Approximate
Market

401.381

$

Industrial and Miscellaneous Bonds
—Continued
Commercial Credit Co..
Note, 3\s, 1976

400.000

Continental Illinois Nat'l Bank i: Trust Co..
Ctf. Of Dep.. 10% S, 1974

400,000

400.000

399,848

400,000

400,000

399,884

200,000

200,000

167,500

.000,000

1,026,929

980,000

323,000

312,662

208,335

600,000

600,000

599,418

238,000

246,725

166,303

98,000

98,000

500,000

500,000

477,500

480,000

390,912

357,000

200,000

195,000

181,250

200,000

199,000

160,000

385,000

385,000

385,000

868,000

868,000

713,930

183,000

183,000

134,505

560,000

560,000

421,400

500,000

500,000

495,000

200,000

199,000

154,500

500,000

497,500

470,000

511,505

462,000

712,000

712,000

564,260

129,418

129,418

122,300

700,000

700,000

540,750

439,567

439,568

331,873

13,603,600

11,949,381

$22,981,943

$19,798,205

Continental Illinois Nat'l Bank & Trust Co..
Ctf. of Dep.. 11.70s. 1974
• n Zellerbaeh Corp..
Prom. Note 4%s. 19S1
Crown Zellerbaeh Corp..
S. F. Deb.. S\s. 2000
Erie Mining Company,
1st Mtg. Series B. 41:s. 19S3
First Nat'l Bank Chicago,
Ctf. of Dep.. 11.40s. 1974
Fischbaeh & Moore Inc..
Conv. Sub. Deb.. 4\s. 1997
Four Corners Pipe Line Co.,
Sec. Note. 5s, 19S2
General Electric Credit Corp. (N. Y.).
Prom. Note, 5s, 1975
General Motors Acceptance Corp.,
4\s. 19S2
General Motors Acceptance Corp.,
Deb.. 5s. 1977
General Motors Acceptance Corp.,
Deb.. 5s. 1981
GTE Sylvania Inc.,
Demand Note
Hystron Fibers Inc.,
Note. 53.s, 1986
Kaiser Aluminum & Chemical Corp.,
1st Mtg.. 5SS, 1987
Kresge (S. S. ) Company,
Prom. Note, 4% s. 1983
Mercantile Stores Co., Inc.,
S. F. Deb., 8.70s, 1995
Montgomery Ward Credit Corp.,
Deb.. 4V.S, 1980
NCNBCorp.,
S. F. Deb.. 8.40s, 1995
Sears Roebuck Acceptance Corp.,
Sub. Deb., 4\s, 1977
Shell Funding Corp.,
Collat. Tr. Note, 4J4s, 1985
Trailer Train Co.,
s. 1976
United Air Lines Inc.,
Notes, 5s, 1984
Woolworth CF. W.) Company,
Prom. Note, 5s, 1981

525,000

Total
Bonds, funds invested
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Description

Cost

Shares

Market

Common Stocks
Air Products & Chemicals, Inc

19,640

Alcon Laboratories, Inc

8,000
25,000
36,000
10,000
11,300

American Home Products Corp
AMP Incorporated
Aquitaine Co. of Canada, Ltd
ARA Services, Inc
A T Cross Co
Baker Oil Tools, Inc
Baxter Laboratories, Inc

Caterpillar Tractor Co
Charles River Breeding Labs, Inc.

..

Coca-Cola Company (The)
Connecticut Gen Insurance Corp.

6,221
70,000
35,000

,
. . .

20,000
29,715

Disney (Walt) Productions
Dow Chemical Co
Drexler Technology Corporation

179,000

1,010,059
783,266

1,006,250

285,550
1,516,316
297,500

311,050

,

Citicorp

261,374

5,000
3,000
20,000

8,000
28,000

Chesebrough-Pond's, Inc
Christiana Securities Company

S 1,028,645

551,538
814,402
101,813

6,000

Chemed Corporation

948,997

5,000
20,000
15,000

Burnup and Sims, Inc
Cameron Iron Works, Inc

8

20,000

1,225,340
221,784
276,762
911,861
820,683
1,133,362
561,148
1,056,250
1,060,590
1,183,336

50

. . .. .

Eastman Kodak Company

35,000

Economics Laboratory, Inc

20,000

Eli Lilly & Co

20,000

Exxon Corporation

23,561

First Alabama Bancshares, Inc
Ford Motor Co
General Electric Company
General Motors Corporation
Genuine Parts Co

16,000

Kresge (S. S.) Co
Lawter Chemicals Inc

33,651
8,750

Loctite Corp

9,500

1135

945,592
2,170,000
3,780,000
795,000
1,285,174
1,307,500
100
3,635,625
657,500
1,562,500
1.652.215
120,000

1,758,718
753.125
299,250
1.082,932
111,938

27,000
10,000

International Paper Co
Johnson & Johnson

1,596,000

1,206,755
687,353

6,000
28,750

International Nickel Co. of Canada, Ltd.

141,000
148,000

36,169

7,633
4,500

International Business Machines Corp.

49,375
258,000
1,175,000

1.225.000

9,000

Hughes Supply, Inc

166,600

562,500

1,063,396
250,726

25,000

Helmerich & Payne, Inc

1,659,340
671,594

510,000

5,000
25,000
20,000

Gilbert Associates, Inc
Halliburton Company

81
418,234
751,375

1,395,000
247,500
1,026,888
238,125

355,362
999,923
195,652
219,058
812,740
1.000,427
480,000
310,393
1,272,994
250,000
312,562

985.000

66,000
6.116,563
749.250
476.250
1,812.000
1,144.134
172, S13
258,875
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Share*

Description

Cost

Approximate
Market

Common Stocks
—Continued
$

957,500

McDonalds Corp

20.000

$ 1.068.120

Merck ft Co., Inc

26.000
3S.000

534,619

2,041,000

1.916,655
1,193,862
187,973

2,793,000
1,305,000
176,250
167,500

Minnesota Mining & Manufacturing Co.

.

National Chemsearch Corp

30,000

New England Nuclear Corp
Northrup i: King Co
Peabody Gallon Corporation
Penney (J. C.) Company. Inc
Philip Morris. Inc
Pickwick International. Inc
Polaroid Corporation
Procter & Gamble Co

6.000
10,000

246,712

30,000
35,000

1,061.300
1,967,073

40,000

2,580,601

20,800

753,381
827,981

8,000
20,000

Puritan Bennett Corp
R P Scherer Corporation
Ralston Purina Co
Reynolds i: Reynolds Co
Sabine Royalty Corp

335,800

231,000

45,000

1,979,080

1,968,750

6,000

264,188
190,821

138,000
129,375

Snap-on Tools Corp
Squibb Corp
Standard Oil Co. of California

6,000
15,000
66,000

Standard Oil Co. of Ohio

20,000

Sybron Corp
Tennant Co

35,000

Tennessee Valley Bancorp, Inc
UpJohn Co

5,000
12,000
12,000

Waste Management, Inc

14,000

Aggregate investments

20,000

8,800
25,000

.. .

1136

275,000

4,000
11,000

40,000

Common stocks, funds invested

2,180,000
249,600
1,995,000
118,000

4,500
20,000

Xerox Corp

2,537,500

1,984,768
248,675

Schering-Plough Corp
Schlumberger, Ltd
Sears Roebuck and Co

WD 40 Company

506,250

1,564,760
1,192,945
1,821,704
332,225

1,310,000
3,935,000
1,657,500
210,000

1,396,618
2,622,955

1,200,000

1,398,114
1,070,631
209,525
346,388

1,035,000
634,375

1,152,260
296,000

892,500
124,250

221,888

143,000

1,799,530

2,878,125

61,184,698

78,401,812

$84,166,641

$98,200,017

1,765,500

177,500
186,000
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SUMMARY

INSTITUTION OF WASHINGTON
OF INVESTMENT

TRANSACTIONS

FOR THE YEAR ENDED

JUNE 30, 1974

s

Cash awaiting investment, June 30, 1973

12,565

Sales and Redemptions
Capt

Hal
Loss

Gain
$

Bonds
Mortgage
Common stocks

134,171

Book Value
$56,976,994

$
7,970,534

3,074,474

7,970,534

3,208,645

Realized capital gain, netStatement B

4,761,889
87,970,534

2,885
13,201,956
70,181,835
4,761,889

$7,970,534

Total sales and redemptions

74,943,724

Gifts of securities recorded at fair market value

165,081

Cash transferred to Operating Fund

(4,503,309)

Total

70,618,061

Acquisitions
Bonds

$47,577,656

Common stocks

23,040,107

Total acquisitions

70,617,763

Cash awaiting investment, June 30, 1974

$

1137
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Articles of Incorporation
JfifijHtgljtjj Congress of % $tniteo States of America;
&t tltje jstemnd Session,
Begun and held at the City of Washington on Monday, the seventh day of December, one
thousand nine hundred and three.

A.2ST

ACT

To incorporate the Carnegie Institution of Washington,

Be it enacted by the Senate and House of Representatives of the United
States of America in Congress assembled, That the persons following, being persons
who are now trustees of the Carnegie Institution, namely, Alexander Agassiz,
John S. Billings, John L. Cadwalader, Cleveland H. Dodge, William X. Frew,
Lyman J. Gage, Daniel C. Gilman, John Hay, Henry L. Higginson, William
Wirt Howe, Charles L. Hutchinson, Samuel P. Langley, William Lindsay, Seth
Low, Wayne MacVeagh, Darius 0. Mills, S. Weir Mitchell, William W. Morrow,
Ethan A. Hitchcock, Elihu Root, John C. Spooner, Andrew D. White, Charles
D. Walcott, Carroll D. Wright, their associates and successors, duly chosen, are
hereby incorporated and declared to he a body corporate by the name of the
Carnegie Institution of Washington and by that name shall be known and have
perpetual succession, with the powers, limitations, and restrictions herein contained.
Sec. 2. That the objects of the corporation shall be to encourage, in the
broadest and most liberal manner, investigation, research, and discovery, and
the application of knowledge to the improvement of mankind; and in particular —
(a) To conduct, endow, and assist investigation in any department of
science, literature, or art, and to this end to cooperate with governments,
universities, colleges, technical schools, learned societies, and individuals.
(b) To appoint committees of experts to direct special lines of research.
(c) To publish and distribute documents.
(d) To conduct lectures, hold meetings, and acquire and maintain a library.
(e) To purchase such property, real or personal, and construct such building
or buildings as may be necessary to carry on the work of the corporation.
1139
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(f) In general, to do and perform all things necessary to promote the
objects of the institution, with full power, however, to the trustees hereinafter
appointed and their successors from time to time to modify the conditions and
regulations under which the work shall be carried on, so as to secure the
application oi^ the funds in the manner best adapted to the conditions of the time,
provided that the objects o( the corporation shall at all times be among the
foregoing or kindred thereto.
Sec. 3. That the direction and management of the affairs of the corporation
and the control and disposal of its property and funds shall be vested in a board
of trustees, twenty-two in number, to be composed of the following individuals:
Alexander Agassi/, John S. Billings, John L. Cadwalader, Cleveland H. Dodge,
William X. Frew, Lyman J. Gage, Daniel C. Gilman, John Hay, Henry
L. lligginson, William Wirt Howe, Charles L. Hutchinson, Samuel P.
Langlcy, William Lindsay, Seth Low, Wayne MacVeagh, Darius 0. Mills,
S. Weir Mitchell, William W. Morrow, Ethan A. Hitchcock, Elihu Hoot,
John C. Spooner, Andrew D. White, Charles D. Walcott, Carroll D. Wright,
who shall constitute the first board of trustees. The board of trustees shall
have power from time to time to increase its membership to not more than
twenty-seven members. Vacancies occasioned by death, resignation, or otherwise
shall be filled by the remaining trustees in such manner as the by-laws shall
prescribe ; and the persons so elected shall thereupon become trustees and also
members of the said corporation. The principal place of business of the said
corporation shall be the city of Washington, in the District of Columbia.
Sec. 4. That such board of trustees shall be entitled to take, hold and
administer the securities, funds, and property so transferred by said Andrew
Carnegie to the trustees of the Carnegie Institution and such other funds or
property as may at any time be given, devised, or bequeathed to them, or to such
corporation, for the purposes of the trust ; and with full power from time to time to
adopt a common seal, to appoint such officers, members of the board of trustees or
otherwise, and such employees as may be deemed necessary in carrying on the
business of the corporation, at such salaries or with such remuneration as they may
deem proper ; and with full power to adopt by-laws from time to time and such rules
or regulations as may be necessary to secure the safe and convenient transaction
of the business of the corporation; and with full power and discretion to deal
with and expend the income of the corporation in such manner as in their
judgment will best promote the objects herein set forth and in general to have
and use all powers and authority necessary to promote such objects and carry out
the purposes of the donor.
The said trustees shall have further power from time
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to time to hold as investments the securities hereinabove referred to so transferred
by Andrew Carnegie, and any property which has been or may be transferred
to them or such corporation by Andrew Carnegie or by any other person,
persons, or corporation, and to invest any sums or amounts from time to time
in such securities and in such form and manner as are permitted to trusts
or to charitable or literary corporations for investment, according to the laws
of the States of New York, Pennsylvania, or Massachusetts, or in such securities
as are authorized for investment by the said deed of trust so executed by Andrew
Carnegie, or by any deed of gift or last will and testament to be hereafter made
or executed.
Sec. 5. That the said corporation may take and hold any additional
donations, grants, devises, or bequests which may be made in further support of
the purposes of the said corporation, and may include in the expenses thereof
the personal expenses which the trustees may incur in attending meetings or
otherwise in carrying out the business of the trust, but the services of the
trustees as such shall be gratuitous.
Sec. 6. That as soon as may be possible after the passage of this Act a
meeting of the trustees hereinbefore named shall be called by Daniel C. Gilman,
John S. Billings, Charles D. Walcott, S. Weir Mitchell, John Hay, Elihu Eoot,
and Carroll D. Wright, or any four of them, at the city of Washington, in
the District of Columbia, by notice served in person or by mail addressed to
each trustee at his place of residence; and the said trustees, or a majority
thereof, being assembled, shall organize and proceed to adopt by-laws, to elect
officers and appoint committees, and generally to organize the said corporation;
and said trustees herein named, on behalf of the corporation hereby incorporated,
shall thereupon receive, take over, and enter into possession, custody, and
management of all property, real or personal, of the corporation heretofore known
as the Carnegie Institution, incorporated, as hereinbefore set forth under " An Act
to establish a Code of Law for the District of Columbia, January fourth, nineteen
hundred and two," and to all its rights, contracts, claims, and property of any
kind or nature; and the several officers of such corporation, or any other person
having charge of any of the securities, funds, real or personal, books or property
thereof, shall, on demand, deliver the same to the said trustees appointed by this
Act or to the persons appointed by them to receive the same ; and the trustees
of the existing corporation and the trustees herein named shall and may take
such other steps as shall be necessary to carry out the purposes of this Act.
Sec. 7. That the rights of the creditors of the said existing corporation
known as the Carnegie Institution shall not in any manner be impaired by the
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passage o( this Act. or the transfer of the property hereinbefore mentioned, nor
shall any liability or obligation for the payment of any sums due or to become
due. or any claim or demand, in any manner or for any cause existing against
the said existing corporation, be released or impaired; but such corporation hereby
incorporated is declared to succeed to the obligations and liabilities and to be held
liable to pay and discharge all o( the debts, liabilities, and contracts of the said
corporation so existing to the same effect as if such new corporation had itself
incurred the obligation or liability to pay such debt or damages, and no such action
or proceeding before any court or tribunal shall be deemed to have abated or been
discontinued by reason of the passage of this Act.
Sec. 8. That Congress may from time to time alter, repeal, or modify this
Act of incorporation, but no contract or individual right made or acquired shall
thereby be divested or impaired.
Sec. 9. That this Act shall take effect immediately.

Speaker of the House of Eepresentatives

President of the Senate pro tempore.

By-Laws of the Institution
Adopted December 13, 1904. Amended December 13, 1910, December 13, 1912, December 10, 1937, December 15, 1939, December 13, 1940, December IX, 1942, December 12
1947, December 10, 1954, October 24, 1957, May X, 1959, May 13, 1900, May 10, 1963,
May 15, 1964, March 6, 1967, May 3, 1968, May 14, 1971, August 31, 1972, and May 9, J 97.1
ARTICLE I

The Trustees
1. The Board of Trustees shall consist of twenty-four members with power to increase
its membership to not more than twenty-seven members. The Trustees shall hold office
continuously and not for a stated term.
2. In case any Trustee shall fail to attend three successive annual meetings of the
Board he shall thereupon cease to be a Trustee.
3. No Trustee shall receive any compensation for his services as such.
4. All vacancies in the Board of Trustees shall be filled by the Trustees by ballot at an
annual meeting, but no person shall be declared elected unless he receives the votes of
two-thirds of the Trustees present.
5. If, at any time during an emergency period, there be no surviving Trustee capable of
acting, the President, the Director of each existing Department, and the Executive Officer, or such of them as shall then be surviving and capable of acting, shall constitute a
Board of Trustees pro tern, with full powers under the provisions of the Articles of Incorporation and these By-Laws. Should neither the President, nor any such Director, nor the
Executive Officer be capable of acting, the senior surviving Staff Member of each existing
Department shall be a Trustee pro tern with full powers of a Trustee under the Articles of
Incorporation and these By-Laws. It shall be incumbent on the Trustees pro tern to
reconstitute the Board with permanent members within a reasonable time after the
emergency has passed, at which time the Trustees pro tern shall cease to hold office. A list
of Staff Member seniority, as designated annually by the President, shall be kept in the
Institution's records.
6. A Trustee who resigns after having served at least five years and having reached age
seventy shall be eligible for designation by the Board as a Trustee Emeritus. A Trustee
Emeritus shall be entitled to attend the annual meeting of the Board but shall have no
vote and shall not be counted for purposes of ascertaining the presence of a quorum. A
Trustee Emeritus may be invited to serve in an advisory capacity on any committee of the
Board of Trustees except the Executive Committee.
ARTICLE II

Officers of the Board
1. The officers of the Board shall be a Chairman of the Board, a Vice-Chairman, and a
Secretary, who shall be elected by the Trustees, from the members of the Board, by ballot
to serve for a term of three years. All vacancies shall be filled by the Board for the unexpired term; provided, however, that the Executive Committee shall have power to fill a
vacancy in the office of Secretary to serve until the next meeting of the Board of Trustees.
2. The Chairman shall preside at all meetings and shall have the usual powers of a
presiding officer.
3. The Vice-Chairman, in the absence or disability of the Chairman, shall perform the
duties of the Chairman.
1143

1144

CARNEGIE

INSTITUTION

4. The Secretary shall issue notices of meetings of the Board, record its transactions,
and conduct that part oi the correspondence relating to the Board and to his duties.
ARTICLE

III

Executive Administration
The President
1. There shall be a President who shall be elected by ballot by, and hold office during
the pleasure of, the Board, who shall be the chief executive officer of the Institution.
The President, subject to the control of the Board and the Executive Committee, shall
have general charge oi all matters of administration and supervision of all arrangements
for research and other work undertaken by the Institution or with its funds. He shall
prepare and submit to the Board of Trustees and to the Executive Committee plans
and suggestions for the work of the Institution, shall conduct its general correspondence
and the correspondence with applicants for grants and with the special advisers of the
Committee, and shall present his recommendations in each case to the Executive Committee for decision. All proposals and requests for grants shall be referred to the President
for consideration and report. He shall have power to remove, appoint, and, within the
scope of funds made available by the Trustees, provide for compensation of subordinate
employees and to fix the compensation of such employees within the limits of a maximum
rate of compensation to be established from time to time by the Executive Committee.
He shall be ex officio a member of the Executive Committee.
2. He shall be the legal custodian of the seal and of all property of the Institution
whose custody is not otherwise provided for. He shall sign and execute on behalf of
the corporation all contracts and instruments necessary in authorized administrative and
research matters and affix the corporate seal thereto when necessary, and may delegate
the performance of such acts and other administrative duties in his absence to the
Executive Officer. He may execute all other contracts, deeds, and instruments on behalf
of the corporation and affix the seal thereto when expressly authorized by the Board of
Trustees or Executive Committee. He may, within the limits of his own authorization,
delegate to the Executive Officer authority to act as custodian of and affix the corporate
seal. He shall be responsible for the expenditure and disbursement of all funds of the
Institution in accordance with the directions of the Board and of the Executive Committee, and shall keep accurate accounts of all receipts and disbursements. Following
approval by the Executive Committee he shall transmit to the Board of Trustees before
its annual meeting a written report of the operations and business of the Institution
for the preceding fiscal year with his recommendations for work and appropriations for
the succeeding fiscal year.
3. He shall attend all meetings of the Board of Trustees.
4. There shall be an officer designated Executive Officer who shall be appointed by
and hold office at the pleasure of the President, subject to the approval of the Executive
Committee. His duties shall be to assist and act for the President as the latter may duly
authorize and direct.
5. The President shall retire from office at the end of the fiscal year in which he becomes
sixty-five years of age.
ARTICLE

IV

Meetings and Voting
1. The annual meeting of the Board of Trustees shall be held in the City of Washington,
in the District of Columbia, in May of each year on a date fixed by the Executive
Committee, or at such other time or such other place as may be designated by the
Executive Committee, or if not so designated prior to May 1 of such year, by the

BY-LAWS

]]4o

Chairman of the Board of Trustees, or if he is absent or is unable or refuses to act, by
any Trustee with the written consent of the majority of the Trustees then holding office.
2. Special meetings of the Board of Trustees may be called, and the time and place
of meeting designated, by the Chairman, or by the Executive Committee, or by any
Trustee with the written consent of the majority of the Trustees then holding office.
Upon the written request of seven members of the Board, the Chairman shall call a
special meeting.
3. Notices of meetings shall be given ten days prior to the date thereof. Notice may
be given to any Trustee personally, or by mail or by telegram sent to the usual address
of such Trustee. Notices of adjourned meetings need not be given except when the
adjournment is for ten days or more.
4. The presence of a majority of the Trustees holding office shall constitute a quorum
for the transaction of business at any meeting. An act of the majority of the Trustees
present at a meeting at which a quorum is present shall be the act of the Board except
as otherwise provided in these By-Laws. If, at a duly called meeting, less than a quorum
is present, a majority of those present may adjourn the meeting from time to time
until a quorum is present. Trustees present at a duly called or held meeting at which a
quorum is present may continue to do business until adjournment notwithstanding the
withdrawal of enough Trustees to leave less than a quorum.
5. The transactions of any meeting, however called and noticed, shall be as valid as
though carried out at a meeting duly held after regular call and notice, if a quorum is
present and if, either before or after the meeting, each of the Trustees not present
in person signs a written waiver of notice, or consent to the holding of such meeting, or
approval of the minutes thereof. All such waivers, consents, or approvals shall be filed
with the corporate records or made a part of the minutes of the meeting.
6. Any action which, under law or these By-Laws, is authorized to be taken at a
meeting of the Board of Trustees may be taken without a meeting if authorized in a
document or documents in writing signed by all the Trustees then holding office and
filed with the Secretary.
7. During an emergency period the term "Trustees holding office" shall, for purposes
of this Article, mean the surviving members of the Board who have not been rendered
incapable of acting for any reason including difficulty of transportation to a place of
meeting or of communication with other surviving members of the Board.
article v
Committees
1. There shall be the following Standing Committees, viz. an Executive Committee,
a Finance Committee, an Auditing Committee, a Nominating Committee, and a Retirement Committee.
2. All vacancies in the Standing Committees shall be filled by the Board of Trustees
at the next annual meeting of the Board and may be filled at a special meeting of the
Board. A vacancy in the Executive Committee and, upon request of the remaining
members of any other Standing Committee, a vacancy in such other Committee may be
filled by the Executive Committee by temporary appointment to serve until the next
meeting of the Board.
3. The terms of all officers and of all members of Committees, as provided for herein,
shall continue until their successors are elected or appointed.
Executive Committee
4. The
Secretary
addition,
ballot for

Executive Committee shall consist of the Chairman, Vice-Chairman, and
of the Board of Trustees, the President of the Institution ex officio, and, in
not less than five or more than eight Trustees to be elected by the Board by
a term of three years, who shall be eligible for re-election. Any member elected
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to fill a vacancy shall serve for the remainder of his predecessor's term. The presence of
four members oi the Committee shall constitute a quorum for the transaction of business
at any meeting.
5. The Executive Committee shall, when the Board is not in session and has not given
ific directions, have general control of the administration
of the affairs of the
corporation and general supervision
oi all arrangements
for administration,
research,
and other matters undertaken or promoted by the Institution. It shall also submit to the
rd oi Trustees a printed or typewritten report of each of its meetings, and at the
annual meeting shall submit to the Board a report for publication.
6. The Executive Committee shall have power to authorize the purchase, sale, exchange,
or transfer of real estate.
Finance Committee
7. The Finance Committee shall consist of not less than five and not more than six
members to be elected by the Board of Trustees by ballot for a term of three years, who
shall be eligible for re-election. The presence of three members of the Committee shall
constitute a quorum for the transaction of business at any meeting.
8. The Finance Committee shall have custody of the securities of the corporation
and general charge of its investments and invested funds, including its investments and
invested funds as trustee of any retirement plan for the Institution's staff members and
employees, and shall care for and dispose of the same subject to the directions of the
Board of Trustees. It shall have power to authorize the purchase, sale, exchange, ot
transfer of securities and to delegate this power. It shall consider and recommend to the
Board from time to time such measures as in its opinion will promote the financial interests
of the Institution and of the trust fund under any retirement plan for the Institution's
staff members and employees, and shall make a report at each meeting of the Board.
Auditing Committee
9. The Auditing Committee shall consist of three members to be elected by
of Trustees by ballot for a term of three years.
10. Before each annual meeting of the Board of Trustees, the Auditing
shall cause the accounts of the Institution for the preceding fiscal year to
by public accountants. The accountants shall report to the Committee, and
mittee shall present said report at the ensuing annual meeting of the Board
recommendations as the Committee may deem appropriate.

the Board
Committee
be audited
the Comwith such

Nominating Committee
11. The Nominating Committee shall consist of the Chairman of the Board of
Trustees ex officio and, in addition, three Trustees to be elected by the Board by ballot
for a term of three years, who shall not be eligible for re-election until after the lapse
of one year. Any member elected to fill a vacancy shall serve for the remainder of his
predecessor's term, provided that of the Nominating Committee first elected after
adoption of this By-Law one member shall serve for one year, one member shall serve
for two years, and one member shall serve for three years, the Committee to determine
the respective terms by lot.
12. Sixty days prior to an annual meeting of the Board the Nominating Committee
shall notify the Trustees by mail of the vacancies to be filled in membership of the Board.
Each Trustee may submit nominations for such vacancies. Nominations so submitted
shall be considered by the Nominating Committee, and ten days prior to the annual
meeting the Nominating Committee shall submit to members of the Board by mail a list
of the persons so nominated, with its recommendations for filling existing vacancies on
the Board and its Standing Committees. No other nominations shall be received by the
Board at the annual meeting except with the unanimous consent of the Trustees present.
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Retirement Committee
13. The Retirement Committee shall consist of three members to be elected by the
Board of Trustees by ballot for a term of three years, who shall be eligible for re-election
and the Chairman of the Finance Committee ex officio. Any member elected to fill a
vacancy shall serve for the remainder of his predecessor's term.
14. The Retirement Committee shall, subject to the directions of the Board of Trustees,
be responsible for the maintenance of a retirement plan for staff members and
employees of the Institution and act for the Institution in its capacity as trustee
under any such plan, except that any matter relating to investments under any such
plan shall be the responsibility of the Finance Committee subject to the directions
of the Board of Trustees. The Committee shall submit a report to the Board at the
annual meeting of the Board.
ARTICLE

VI

Financial Administration
1. No expenditure shall be authorized or made except in pursuance of a previous
appropriation by the Board of Trustees, or as provided in Article V, paragraph 8, hereof.
2. The fiscal year of the Institution shall commence on the first day of July in each
year.
3. The Executive Committee shall submit to the annual meeting of the Board a full
statement of the finances and work of the Institution for the preceding fiscal year and a
detailed estimate of the expenditures of the succeeding fiscal year.
4. The Board of Trustees, at the annual meeting in each year, shall make general
appropriations for the ensuing fiscal year; but nothing contained herein shall prevent
the Board of Trustees from making special appropriations at any meeting.
5. The Executive Committee shall have general charge and control of all appropriations made by the Board. Following the annual meeting, the Executive Committee may
allocate these appropriations for the succeeding fiscal year. The Committee shall have full
authority to reallocate available funds, as needed, and to transfer balances.
6. The securities of the Institution and evidences of property, and funds invested and
to be invested, shall be deposited in such safe depository or in the custody of such trust
company and under such safeguards as the Finance Committee shall designate, subject
to directions of the Board of Trustees. Income of the Institution available for expenditure
shall be deposited in such banks or depositories as may from time to time be designated
by the Executive Committee.
7. Any trust company entrusted with the custody of securities by the Finance Committee may, by resolution of the Board of Trustees, be made Fiscal Agent of the
Institution, upon an agreed compensation, for the transaction of the business coming
within the authority of the Finance Committee.
8. The property of the Institution is irrevocably dedicated to charitable purposes,
and in the event of dissolution its property shall be used for and distributed to those
charitable purposes as are specified by the Congress of the United States in the Articles of
Incorporation, Public Law No. 260, approved April 28, 1904, as the same may be
amended from time to time.
ARTICLE

VII

Amendment of By-Laws
1. These By-Laws may be amended
Trustees by a two-thirds vote of the
proposed amendment shall have been
address of, each member of the Board

at any annual or special meeting of the Board of
members present, provided written notice of the
served personally upon, or mailed to the usual
twenty days prior to the meeting.
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