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FOREWORD

WILL SUCCESS RUIN ECOLOGY?*

RUSSELL W. PETERSON
Chairman, President's Council on Environmental Quality

As we all know, the science of ecology was founded in 1969, about
45 minutes after the Santa Barbara blowout. It has made enormous
strides since then, rising above its humble origins in disaster to take
on the status of a secular religion. The word ecology itself has taken
on new meanings. For example, I recently heard one well-intentioned
public figure state that paper recycling "is good for the ecology." In
similar fashion, savings accounts are good for the economics, using a
slide rule is good for the mathematics, and riding a bus to work is
good for the internal combustion. I have also discovered over the
years that a regular pay check is good for the matrimony.

However the words and the concepts may be mangled in use,
there is no question that the subject matter you study has been
propelled from academic obscurity into national prominence in the
span of a few short years. Quite suddenly, ecology has become a
success.

Yet, in a paradoxical way, it seems to me that some of the most
conspicuous manifestations of this "environmental awareness" pose a
subtle threat to the cause of ecology because they are so largely
emotional and aesthetic. Magazine advertisements plead with us to
halt the slaughter of the harp seal pup, as beautiful a creature as
nature has devised; bumper stickers ask us if we have thanked a green
plant today; posters enjoin us to save the blue whale; and newspaper
photographs show us birds whose lives are threatened because then-
feathers have been drenched by spilled oil and they can no longer fly.

•From the keynote address presented by Dr. Peterson at the Environmental
Cycling and Chemistry Symposium, Apr. 2<\ 1976.
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1 do not mean to suggest that such causes are frivolous. They indicate
concerns that are deeply felt and well founded.

My uneasiness stems from a fear that these efforts, in empha-
sizing the aesthetic and humane aspects of ecology, tend to minimize
its underpinnings in unsentimental science. The public is exposed to
so much emotion and so little compensatory science that I am afraid
ecology is in danger of becoming synonymous with a softheaded
desire to repeal technology and re-invent the Garden of Eden. The
problem is that, when ecological concerns come into conflict with
other social needs or appetites, policymakers in industry and govern-
ment tend to regard ecological health as a desirable but dispensable
extra. In competition with economic concerns, an improved environ-
ment is viewed as a sort of dessert on the social menu. In other
words, environmental protection is nice if we can afford it, but let's
make sure we can buy the meat and potatoes first.

Actually our biosphere is the meat and potatoes of human ?ife.
The other things, the supposedly "fundamental" and "practical"
concerns of society, are the extras made possible by man's primeval
success at securing the most favorable niche in the chain of life. That
niche was awarded to man largely by the form of good luck known
as evolution—but evolution offers no guarantees to any creature,
and man will need more than luck to preserve his place in the world.

Above all, he will need to view his world in a holistic, integrated
way—for the simple reason that the world is an integrated, interde-
pendent system. This integration supplies the basic principle or nat-
ural law of ecology, a law that can, with only minor exaggeration, be
stated: Everything affects everything else.

Scientists know why humans should thank a green plant. I
wonder how many people do—do we appreciate the role of green
plants in replenishing oxygen, absorbing carbon dioxide, and forming
the base of the food web; or do we simply think it's nice to have
green plants around for visual variety? The distinction, I believe, is
critical as a means of heightening the public's perception of the
gravity of ecological concerns.

Recently, our attention has been focused on what we term the
energy crisis. It is indeed a crisis; a combination of quadrupled prices
for imported oil, increasing consumption, and declining domestic
production threatens the industrialized West, and Japan, with
economic collapse.

Yet the word crisis connotes a relatively brief period of time, an
instant when matters are settled for better or worse. We realize that
it may take 10 or 15 years before we can achieve energy
self-sufficiency, but then, the general impression seems to be, the
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crisis will be over, and we can relax. We can resume our comfortable
rate of economic growth, our American standard of living.

I am not at all convinced that we will ever be able to do this—at
least not in the sense that we understand "economic growth" or
"American standard of living" today. I think our past pattern of
exploitation of the earth's resources, coupled with the deeper
political significance of the quadrupling of oil prices, confront us
with the necessity for altering our conceptions of growth and of
living in some profound ways.

Painful as the oil boycott was, it had the potentially salutary
effect of reminding us that a resource we treated as infinite is finite.
Painful as the price increase was, it had the potentially salutary effect
of alerting us that other nations want better lives for their people,
too, and that they are no longer willing to support our plenty at the
expense of their deprivation. The leaders of the Third World have
asked us gently in the past to recognize that the globe was not
fashioned for American convenience. Now they no longer ask, they
assert, and oil is only one of the raw materials they have to prove
their point.

There are other factors in the ecological dynamic that supports
man—the number of men the earth can support, for example. At
present, that factor is out of control. We have to worry about food
and alternative strategies for producing it. Shall we continue feeding
93% of our grain to cattle, swine, or poultry so that they can return
to us one pound of meat for several pounds of grain? Can we learn to
eat fewer steaks—and considerably chewier ones—to free millions
of tons of grain annually for human consumption elsewhere? At
present rates of population growth, our fresh-water needs by the year
2000 will be 240% those of today. Desalinization technologies, now
economically unfeasible, may help us meet that crisis someday.

But it seems to me that, unless we stop counting on future
technologies to save us from present distress, one day the problem
will beat the solution to our door. Man, h: iving devoted more and
more of the interest on his ecological capital simply to staying alive,
will finally—as is usually the case with spendthrifts—be forced to
go into capital and to turn his ecological system on a course of
irreversible decline.

I paint a gloomy picture. By now, some of you may have
concluded that I am a doomsday scientist, a limits-of-growth man
who enjoys preaching apocalypse in the comfortable knowledge that
he will have been gathered to his fathers before the lights go out. In
fact, I favor continued growth—but only after we have sorted out in
our minds the difference between growth and consumption.
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The wonderful American economic machine began by satisfying
needs, and it so excelled at this function that before long it had
enough extra capacity to start satisfying appetites—providing the
things that are not absolutely necessary to life but make it more
attractive. Now this extraordinary machine, having satisfied the
appetites of the affluent among us, is more and more devoted to
creating appetites. "Okay," goes the American sales-promotion
rationale, "We've sold everybody electric lights, air conditioning, a
refrigerator, a freezer, two television sets, an electric carving knife,
and a gadget that turns on the lights at dark. Now, what else can we
make that uses electricity?"

I composed that list carefully—I own every item on it. It is not
American industry that is the only villain of this homily, but the
American consumer also—me and 100 million well-meaning persons
like me. It is not just the American businessman who must be
bludgeoned into changing his ways—as if he had deliberately chosen
to pollute the water and air, to coat the mallard with oil, to amplify
our wastes with no-deposit, no-return bottles that have to be
returned somewhere. All of us have elected environmental damage,
albeit unwittingly, by voting for convenience with our dollars. We
will all have to change our ways, either unwillingly, in helpless
response to one shortage after another, or willingly, in rational,
deliberate response to the twin perceptions that everything affects
everything else and that we are spending not only our dollars, but
also our earth.

We have been self-indulgent, and now we must learn to pay a
higher price for our comforts or learn to choose among them. H. L.
Mencken once defined puritanism as "a sinking feeling that some-
body, somewhere, is having fun." After quoting that definition in a
speech some years ago, Charle.; Frankel, a former Undersecretary of
State and then professor of philosophy at Columbia University,
pointed out that "the puritan had one very great moral insight: That
insight is that the satisfactory life is an athletic one. It's a life lived
on a regimen. It's a life in which a decision to be or do something is a
refusal to be or do many other things."

Now that we have reached our nation's 200th birthday, we could
do worse than to recapture that insight of our puritan fathers, with
all the self-discipline it implies. Our deepest, most-abiding problem is
to convince those who make decisions, and those who must accept
them, that conservation is more than a short-terni tactic calculated to
solve a temporary problem. Conservation is a strategy for the long
term; we must accept it as our new mode of life.

Accepting this will require a new perception of environmental
awareness on the part of the American people, a perception that goes
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beyond emotion to dispassionate science. The nation and its leaders
must be convinced that ecology deserves at least as loud a voice at
our social bargaining table as economics.

Whether ecology ever receives this sort of hearing is up to you.
That is, of course, the sort of predictable pep talk you expect to hear
on occasions such as this. But, at the risk of being denounced as
"unscientific," I want to go beyond this general charge and propose
something rather specific. Science has got into trouble because it has
tried to divide nature into distinct classes of things, to divorce things
as they exist from their surroundings and to isolate them for study.

This approach to science has taken us far. But the paramount
insight of ecology is that things do not exist in isolation; they exist in
community. We cannot yank a cell out of a culture, a bug out of an
ecosystem, or cheap oil out of a city, without altering the nature of
the system we are examining. We must, if we are to remain true to
the distinctive insight that ecology offers, take on the enormous
burden of studying the ecosystem as it exists.

You all know this. Yet this argument conceals a fundamental
dilemma for ecology. Scientific scholarship—indeed, all
scholarship—has progressed by devoting more and more study to
narrower and narrower phenomena. Ecology itself has been subjected
to the criticism of being "nonscientific" because it has spread itself
thin. How can a true scientist hope to master any ecosystem when
such mastery requires considerable knowledge of biology, chemistry,
physics, geography, engineering, and probably even sociology? On
the one hand, the ecologist can forsake the attempt to understand all
phenomena in the community in the interest of understanding a few
phenomena in their totality. On the other hand, the ecologist can try
to remain true to the fundamental insight that gives the discipline
meaning—and be subject to the charge of being jack-of-all-trades but
master of none.

There is no easy solution to this dilemma. True science requires
deep investigation, and that, in turn, usually requires focusing one's
efforts. One must sacrifice breadth in the hope of attaining depth.

Many of the ills from which we suffer have proceeded from
precisely this scholarly tendency to cut reality up into bite-size bits.
We built the Saint Lawrence Seaway, cognizant of the economics of
ocean-borne transport but unaware of the predatory habits of the sea
lamprey. We built the Aswan Dam, seeking the benefits of
hydroelectric power and year-round irrigation but unaware of the
earth's ancient mechanics of fertility and of the symbiotic relation-
ships between the water hyacinth, the aquatic snail, and the blood
fluke. We pursue, in single-minded fashion, the conversion of more
and more of the earth's resources into energy, but with little
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appreciation, for example, of the demand that coal-slurry pipelines
male? on water tables in arid regions. Single-mindedly, we convert
biologically productive areas into agriculturally productive ones by
filling in wetlands, only to find, as farmers in North Dakota have
done, that the cumulative impact of their personal, local gain has
been to convert the Souris River, a relatively peaceful asset in the
past, into a raging torrent in five of the last seven years.
Single-mindedly, we increase our consumption of the earth's prod-
ucts, thereby damaging the capacity of the earth to continue
producing. Progressive deforestation around the globe yields more
firewood and farmland today, but it also causes soil erosion, decreased
fertility, and encroaching deserts that can lead to famine tomorrow.

Ecologists cannot spread themselves over all disciplines, pre-
tending to be the arbiters of all scientific truth. Neither should they
succumb to the pseudoscientific imperative which dictates that truth
comes only in small packages. Scientific truth, in this age when we
have come to appreciate our earth as a finite community, can be
found only in an appreciation of the impact of one phenomenon
upon another, the dependence of one phenomenon upon another,
not in artificial isolation of one phenomenon from its natural
surroundings so that we can study it with more precision and
convenience.

It is not only the answers ecologists give us that are important
but also the questions. Investigations into the cycling of radionu-
clides through mangrove swamps, ' -• example, may provide us with
important answers about both nu^ear energy and natural cycling
processes today and tomorrow; but a sense that man is a citizen with
nature, of nature, and dependent upon nature may save our children
a hundred years hence, after we have outgrown our modern
corruption of the technological impulse. We began by saying, "If we
have a problem, we can solve it by manipulating nature." Now,
seduced by many successes and ignoring many failures, we have a
tendency to say, "If we can manipulate nature, let's do it."

Technology has been our servant, but it is threatening to become
our master. We have, as Frankel commented, learned to do a
thousand things, but we have lost our sense of what all these things
are worth doing for. The humanists—the historians, the philoso-
phers, the scholars of literature and law and political science—seem
utterly incapable of dealing with a world in which our technical grasp
exceeds our philosophical reach. And some scientists seem to have
lost any sense that the purpose of technology is to serve man.

The science of ecology sees all things as existing in community.
Your specific research may lead you to examine one aspect of this
community. The demands of scientific precision may—undoubtedly
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will—lead you to look deeper and deeper into certain phenomena
and therefore require you to abandon any hope of understanding the
wider universe of nature in the proper depth. But I do hope that the
new popularity of ecology will not draw you into sacrificing the
essential insight of your discipline.

Traditional science, as currently defined, has subdivided our
earth and our lives into increasingly smaller branches of knowledge.
We need a science that reminds us that the earth is one, and that,
although precision may require us to break it down into pieces to
facilitate our study, all the pieces form an interdependent whole, and
can be understood only as a sensitive, vulnerable unity.

Ecology, in sum, is not a bumper-sticker passion, a trendy
religion, nor a sudden lamentation for the snail darter. It is a science.
It is a science much more than a technology. It must help man to
know not only how to do things but whether to do things. You must
help us learn, after superspecialization has taught us to break our
earth down into a thousand understandable bits, how to put it back
together again into a magnificent whole. No discipline holds all the
answers, but your discipline holds the important questions. Success
can ruin ecology only if you stop asking those questions—and only
if you stop forcing all of us to try to answer them.

I will close with a letter* written in 1855 to President Franklin
Pierce by Chief Sealth of the Duwamish tribe of Washington State
concerning the proposed purchase of the tribe's land.

The Great Chief in Washington sends word that he wishes to buy our
land. The Great Chief also sends us words of friendship and good will. This
is kind of him, since we know he has little need of our friendship in return.
But we will consider your offer, for we know if we do not so, the white
man may come with guns and take our land. What Chief Sealth says, the
Great Chief in Washington can count on as truly as our white brothers can
count on the return of the seasons. My words are like the stars—they do
not set.

How can you buy or sell the sky—the warmth of the land? The idea is
strange to us. Yet we do not own the freshness of the air or the sparkle of
the water. How can you buy them from us? We will decide in our time.
Every part of this earth is sacred to my people. Every shining pine needle,
every sandy shore, every mist in the dark woods, every clearing and
humming insect is holy in the memory and experience of my people.

We know that the white man does not understand our ways. One
portion of the land is the same to him as the next, for he is a stranger who
comes in the night and takes from the land whatever he needs. The earth is
not his brother, but his enemy, and when he has conquered it, he moves
on. He leaves his fathers' graves, and his children's birthright is forgotten.

•This letter appeared in The Delaware Grange, where it was credited to Dale
Jones of the Seattle office of Friends of the Earth.
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Hie sight of your cities pains the eyes of the redman. But perhaps it is
because the redman is a savage and does not understand.

There is no quiet place in the white man's cities. No place to hear the
leaves of spring or the rustle of insect's wings. But perhaps because I am a
savage and do not understand—the clatter only seems to insult the ears.
And what is there to life if a man cannot hear the lovely cry of a
whippoorwill or the arguments of the frogs around a pond at night? The
Indian prefers the soft sound of the wind darting over the face of the
pond, and the smell of the wind itself cleansed by a mid-day rain, or
scented with a pinon pine. The air is precious to the redman. For all things
share the same breath—the beasts, the trees, the man. The white man
does not seem to notice the air he breathes. Like a man dying for many
days, he is numb to the stench.

If I decide to accept, I will make one condition. The white man must
treat the beasts of this land as his brothers. I am a savage and I do not
understand any other way. I have seen a thousand rotting buffalo* on
these plains left by the rrhite man who shot them from a passing train. I
am a savage and I do not understand how the smoking iron hone can be
more important than the buffalo that we kill only to stay alive. What is
man without the beasts? If all the beasts were gone, men would die from
great loneliness of spirit, for whatever happens to the beast also happens to
man. All things are connected. Whatever befalls the earth befalls the sons
of the earth.

Our children have seen their fathers humbled in defeat. Our warriors
have felt shame. And after defeat, they turn their days in idleness and
contaminate their bodies with sweet food and strong drink. It matters
little where we pass the rest of our days—they are not many. A few more
hours, a few more winters, and none of the children of die great tribes that
once lived on this earth, or that reamed in small bands in the woods, will
be left to mourn the graves of a people once as powerful and hopeful as
yours.

One thing we know which the white man may one day discover. Our
God is the same God. You may think now that you own him as you wish
to own our land. But you cannot. He is the Body of man. And his
compassion is equal for the redman and the white. This earth is precious to
him. And to harm the earth is to heap contempt on its creator. The whites,
too, shall pass—perhaps sooner than other tribes. Continue to contami-
nate your bed, and you will one night suffocate in your own waste. When
the buffalo are all slaughtered, the wild horses all tamed, the secret corners
of the forest heavy with the scent of many men, and the view of the ripe
hills blotted by talking wires, where is the thicket? Gone. Where is the
eagle? Gone. And what is it to say goodby to the swift and the hunt? The
end of living and the beginning of survival.

We might understand if we knew what it was that the white man
dreams, what hopes he describes to his children on the long winter nights,
what visions he bums into their minds, so they will wish for tomorrow.
But we are savages. The white man's dreams are hidden from us. And
because they *re hidden, we will go our own way. If we agree, ft will be to
secure your reservation you have promised. There perhaps we may live out
our brief days as we wish. When the last redman has vanished from the
•arth, and the memory is only the shadow of a cloud moving across the
prairie, these shores and forest will still hold die spirits of my people, for
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they love this earth as the newborn loves its mother's heartbeat. If we sell
you our land, love it as we've loved it. Care for it as we've cared for it.
Hold in your mind the memory of the land, as it is when you take it. And
with all your strength, with all your might, and with all your
heart—preserve it for your children, and love it as God loves us all. One
thing we know—our God is the same; This earth is precious to Him. Even
the white man cannot be exempt from the common destiny.



PREFACE

Ecology, from its inception within the realm of the life
sciences, has been developing in recent years in two
main directions, namely, chemical and mathematical.
Establishing a firm linkage between modern ecological
theory and advances in mathematics and chemistry must
certainly be a key step in enabling modern ecological
thinking to address present-day environmental issues
more effectively. This has been true particularly in the
case of environmental impacts associated with current
demands for energy production and utilization, where
increased attention is being focused on the chemical
nature and the cycling of pollutants and on developing
mathematical models to predict the movement and fate
of these materials in the environment. With these
thoughts in mind, we approached the second in a series
of symposiums designed to address the general area of
elemental cycling studies pursued at the Savannah River
National Environmental Research Park and at similar
locations throughout the nation and world. This sympo-
sium, sponsored jointly by the Savannah River Ecology
Laboratory; Institute of Ecology, University of Georgia;
and the Division of Biomedical and Environmental
Research, Energy Research and Development Adminis-
tration, was held in Augusta, Ga., Apr. 28—30, 1976.
More than 300 scientists from throughout the United
States attended the symposium, and 101 papers were
presented. This is slightly greater than the number of
papers discussed in the previous cycling symposium in
1974 and reflects an increasing interest in this type of
scientific activity. Of the 101 papers presented, 80 were
submitted for possible publication, but only 61 survived

xiii
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the rigid review process to be included in these
proceedings.

Our original intent and purpose in structuring this
symposium was to promote, through presentations by
both invited speakers and contributors, critical descrip-
tion and evaluation of the basic paradigms, if any, which
seem to be shaping the thinking and design of studies in
the field of environmental chemistry and cycling pro-
cesses—particularly studies relating to environmental
impacts of energy production and utilization.

Initially, the symposium was designed with the idea
of inviting prominent speakers, in separate plenary
sessions, to address cycling-study paradigms of sampling
and design (4 papers), it-ethodology (6 papers), and
modeling and data analysis (5 papers), with contributed
papers (86) filling in the obvious gaps between these
three main areas of interest. It soon became apparent,
however, that well-defined paradigms had not yet been
established and universally accepted in the area of
environmental chemistry and cycling studies—at least
not to the same extent that has been the case in many
other areas of research. Far from being a source of
discouragement, this situation actually convinced us
even further of the timeliness of our undertaking, and
our efforts were then directed to searching out and
identifying in this volume some of the basis paradigms
with which these areas of environmental science can and
should be oriented. If our efforts have been even
partially successful, it is a tribute to the time and care
taken by the invited speakers, authors of contributed
papers, and numerous reviewers—particularly through
the long and tedious process of manuscript review,
revision, and publication.

To others, then, we will leave the task of evaluating
and passing final judgment on the paradigms that may be
generated and defined either by this volume itself or by
thinking that may eventually stem from the work
reported here. We believe thai;, regardless of whether or
not the word paradigm is used, history shows that many
of the greatest breakthroughs and advances in scientific
thinking occurred when some basic philosophical frame-
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work of a particular field was openly verbalized,
challenged, and discussed in fair scientific debate. We
have found the production of this volume to be an
exciting and rewarding undertaking, and we believe that
others who may later come to either challenge or
support its findings will find their work exciting and
rewarding also.

D. C. Adriano
I. L. Brisbin, Jr.
Editors



This book is dedicated to the late Dr. Daniel J. Nelson,
Assistant Director of the Environmental Sciences Divi-
sion, Oak Ridge National Laboratory. His outstanding
accomplishments and contributions to radioecology and
his theoretical and analytical contributions to science
earned him the deep respect of his colleagues in the
international scientific community. His influence, par-
ticularly in the areas of basic and applied aquatic
ecology, will continue.
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INTRODUCTORY COMMENTS

FRANK B. GOLLEY
Executive Director, Institute of Ecology, University of Georgia, Athens, Georgia

One purpose of these introductory remarks is to provide a bridge
between the already published proceedings of the earlier symposium
in this series (Howell, Gentry, and Smith, 1975) and the new
research that will be reported in the remainder of this volume. My
objectives are to touch briefly on three topics: (1) the development
of mineral-cycling studies in ecology; (2) theoretical aspects of
mineral cycling; and (3) applications of mineral cycling to the larger
problems of ecosystems.

These introductory comments are couched in the context of
what I labeled 2 years ago as "ecological chemistry." My definition
of ecological chemistry includes mineral cycling, or biogeochemistry
(Hutchinson, 1948); the organic chemical influences of organisms on
other organisms, or allelopathy (Whittaker and Feeney, 1971); and
the study of pollutants and hazardous materials created or concen-
trated by man and introduced into the environment by human
agencies. Of course, the field of ecological chemistry does not yet
exist, but I suspect that we shall see courses and books in the very
near future charting the development of this subdiscipline. Thus this
volume is concerned with one very important part of ecological
chemistry which has had and continues to have a significant impact
on the field of ecology in general.

DEVELOPMENT OF MINERAL-CYCLING STUDIES

Mineral-cycling studies have had a rather long history as outlined
by Pomeroy (1974) in his book Cycles of Essential Elements. Several
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conceptual and methodological events were necessary before these
studies became widespread and productive. First, the ecosystem
concept was needed. The rigorous study of element cycling required
a systems context, especially a bounded-systems context. Otherwise
the fluxes and compartments studied by ecoiogists would be diffuse
and unconnected. Without the systems concept, our research efforts
would tend toward mere description, with lists of characteristics or
behaviors, and these would lead to handbooks of chemistry rather
than to a theory of biogeochemistry.

Second, studies of energy flow or ecological energetics developed
a theory of ecosystem dynamics which could be translated almost
directly into mineral cycling. In my opinion, energy-flow studies
were exciting for three main reasons. First, they provided us with an
accounting system by which the inputs and outputs of a system
could be totaled. According to the first law of thermodynamics,
these inputs and outputs must balance. Thus, for almost the first
time, ecoiogists had a predictive theory that could be used to test the
adequacy of their observations. This quickly made ecology a more
dynamic and kinetic science. Second, energy-flow studies allowed us
to relate structure to function, with the result that an integrated
theory of ecological systems could be developed. Without this, it
would be extremely difficult to link the static descriptions of
populations and communities to functional processes within systems
or between systems and their environments. Finally, this structural-
functional focus allowed us to ask questions about evolutionary and
adaptive strategies.

The third requirement for the advancement of mineral-cycling
studies involved a series of methodological developments. These
include the development of both environmental tools, such as the
gaged watershed, and highly accurate laboratory tools and proce-
dures, such as the various spectrophotometers, neutron activation,
X-ray fluorescence, and so on. Ecosystem and biome studies
addressing ecosystem-wide problems and supported by agencies such
as the Energy Research and Development Administration (ERDA)
and the Environmental Protection Agency (EPA) have produced the
large data sets from which we can organize concepts and theory. This
could never happen using the old element-by-element regression
techniques in which the abundance of one element was related to
that of another in one separate portion of an ecosystem without
considering interactions among elements or ecosystem components.

Although these comments are in the past tense, we have not yet
passed the introductory phase of the science. Not only are we
developing effective techniques to determine chemical abundance
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but we are also beginning now to amass sufficient data ard
experience from which to develop theory. Subdisciplines of ecology
essential to mineral-cycling studies are also in a state of active
growth. In short, mineral cycling is a logical outgrowth of the
historical trends of ecological science. Mineral cycling is still an
immature subdiscipline, but it is worthwhile to determine what we
can observe about its theoretical features and applications.

THEORETICAL CONCEPTS OF MINERAL CYCLING

Employing a conventional systems approach to mineral cycling,
we can identify four features of systems pertinent to our discussion.
These include (1) storage of elements in the components of the
biota; (2) fluxes among these components; (3) abiotic elemental
pools that serve as sources and sinks for the biological system; and
(4) exchanges between the biota and these abiotic pools. A theory of
biogeochemical cycling might predict storage, flux rates, and input or
output rates from a knowledge of ecosystem structure (species
composition and food webs) and the abiotic pools.

Such a theory does not yet exist for a variety of reasons. One
reason is that we have tended to concentrate on one aspect of cycling
studies, seldom considering all four aspects at the same time for all
essential elements. This is a very difficult task, but, until we take
such a holistic approach to mineral cycling, we will not develop a
general theory but will continue to develop only partial theories that
predict behavior of individual components or separate fluxes. An
example of a partial theory will illustrate the direction in which
mineral cycling is presently moving. The direct-cycling hypothesis
was developed to explain the presence on nutrient-poor substrates of
well-developed vegetation with large storages of essential elements
within the biomass. The abiotic pools in this instance seem
inadequate to furnish the annual inputs required by the biota for
growth and maintenance (Table 1). How can a vegetation sustain
large losses of essential minerals, such as phosphorus and potassium,
to the forest floor when the soil mineral supply and precipitation
input are not sufficient to provide adequate nutrition? It has been
shown that the biota in these circumstances evolve a variety of
mechanisms to conserve essential nutrients. For example, the roots
may form a dense mat on the soil surface, penetrating all organic
matter falling on that surface and absorbing throughfall. Mycorrhizal
fungi may develop in association with these roots and increase their
absorptive ability or, in some cases, actual <hnn a living connection
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TABLE 1

Mineral-Cycling Dynamics of a Tropical
Moist Forest*

Element

Phosphorus
Potassium
Calcium
Magnesium
Sodium
Cobalt
Copper
Iron
Manganese
Strontium
Zinc

Soil mineral
inventory,

kg/ha

22
353

22,166
2,256
1,121

7
7

26
31
79

134

Annual
rain

input,
loj/ha

1.0
9.5

29.0
4.9

31.0
2.0
0.5
3.0
0.4
0.1
0.9

Annual Iocs from
vegetation to soil,

Vgftui

12.0
197.0
2"\0
3&.0
27.0

1.2
0.4
4.9
0.8
1.1
0.9

*Data from Golley et al., 1975.

between litter and root (Stark, 1971). Nutrients may also be
reabsorbed from leaves and stems before these are abscised and lost
from the living body. Falling dead organic material may hang on the
plant or be caught in the trees where it decays slowly, releasing
nutrient materials directly to the vegetation and litter. Animals
consume organic material, convert it into readily decayed waste
products and exfluvia, and concentrate it in various locations in the
community (Golley, Ryszkowski, and Sokur, 1975). All these
phenomena may cause the direct recycling of elements from one
component of the biota to another without the risk of their being
lost from the system while passing through an abiotic pool.

Recently Jordan and Stark (1976), working on a joint Venezue-
lan—U. S.—German study of mineral cycling in Amazonian forests,
showed that the root mat in those forests, which may be 10 cm or
more deep on the soil surface, will collect and hold almost all the
radioactive tracer sprayed on the litter surface. The root mat acts as a
chemical absorptive sponge or column, and very little of the
radioactivity escapes through it. These forests grow on exceedingly
poor laterite gravels or white sands, and direct cycling must be
exceedingly important in maintaining their productivity. Osbum
(1963) showed that the alpine moss and lichen mat perform a similar
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function in absorbing and holding radioactivity from snow on Niwot
Ridge in Colorado.

Kline (1974), at the last symposium, developed a parallel
argument to the direct-cycling hypothesis by comparing rates of
forest primary production and nutrient conditions of the substrate.
Finding little or no relationship between productivity and nutrient
supply, Kline proposed that emergent properties of forests, such as
productivity, are decoupled from their substrates. Several other
researchers also have reported that nutrient levels in the soil are poor
predictors of levels in the vegetation. These findings conflict with the
conventional wisdom of agricultural science, in which the soil—plant
relationship is sufficiently close that chemical analyses of plants are
used to prescribe fertilizer recommendations. Do the chemical
relationships of natural ecosystems differ from those of agricultural
ecosystems? I suspect so, if for no other reasons than the
development of direct-cycling mechanisms in natural ecosystems and
the chemical manipulation of agricultural soils through fertilization.

Partial theories such as these are useful and interesting, but
eventually we must develop a broad theory of mineral cycling from
which we can predict storage and flux in ecosystems. I propose that a
general theory of biogeochemistry will be built on four separate
subtheoretical structures. First are the physical—chemical features of
the elements which govern their reactivity and abundances. Second
are the geochemical separations of the elements which, through
volcanism, uplift, sedimentation, erosion deposition, and other
geological processes, create and give pattern to the abiotic pools.
Third are the chemical attributes of living organisms which accumu-
late, discriminate, and select from the abiotic pools to create the
biochemical characteristics of the species. Fourth are ecochemical
phenomena, such as throughfall, stemflow, litterfall and decomposi-
tion, animal food chains, etc., which create patterns characteristic of
ecosystems in different landscapes and climates.

Obviously we are at only the most preliminary stage of bringing
together such a holistic theory. Not only are there few site studies
but too often the analyses focus on only a few elements, with no
clear statements about their common behavior. Studies are often
limited in time and do not reflect the normal environmental
variability of a location. Finally, ecosystem analysis is often based on
a single sample in space and time, and there is no way a science can
be built on single samples. Even though ecosystems are difficult to
study, often requiring teams of investigators and several years of
attention, and even though our journals and graduate schools are
often reluctant to accept repeated descriptions of a given system as
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original thought, we must construct coherent systems of studies so
that each builds toward the others, and thus, in time, we create a
holistic body of data. Further, we must formulate our hypotheses so
that each study of a system is a test clearly contributing to or
altering the current biogeochemical theory.

APPLICATION

Now let us turn to the application of mineral-cycling studies to
human problems. I chose to leave the applied aspects to the last for a
definite reason. Developing sound management of pollution depends
on a solid basis of biogeochemical theory, but we cannot wait for the
ecologists to complete their studies and develop such theory for us
before we formulate environmental policy. For this reason, it is
especially important to organize environmental programs on conven-
tionally sound ecological principles since such programs can be
considered as experiments that can be used to test theory. In this
way environmental problems become useful to the theoretical
ecologist. I advocated this approach to the EPA some years ago, and
I understand that it is being employed in some features of that
program.

It is also essential that we reorganize our environmental policies
to be more ecosystem-like, recognizing complex interactions and
avoiding simplistic, often adversary, programs. We are dealing with
complex element systems, alterations of the fluxes among ecosystem
compartments, and a variety of input—output rates. Introducing a
multitude of man-made chemical compounds into the environment
creates additional complications. At this stage it is essential for the
nation to have available a large set of model experimental ecosystems
in which chemical relationships can be manipulated and the hazards
of materials evaluated at the ecosystem level of organization. These
testing centers could become for the environmental scientist and the
ecologist what the white mouse, the fruit fly, and the neurospora
colony are for the biologist and the physiologist. Starting with the
Man and Biosphere Reserves, ERDA's National Environmental
Research Parks, and EPA's National Environmental Research Cen-
ters, we could develop the structural elements for such a national
program. How long we v/ill be satisfied with designing up from the
white mouse to ecosystems before we accept the fact that one of the
costs of an industrial society is the full evaluation of environmental
impacts from chemical, as well as physical, biological, and social-
economic, points of view.
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DESIGNING ECOLOGICAL STUDIES
OF TRACE SUBSTANCES

L. L. EBERHARDT
Ecosystems Department, Battelle Pacific Northwest Laboratories, Richland,
Washington

ABSTRACT

A major share of the problems in studying trace substances in an ecological
context appear to lie in designing and analyzing field studies. An essential
preliminary for design is a clear statement of survey objectives. Four categories
of sampling methodology can be proposed on the basis of different objectives
(descriptive sampling, sampling for pattern, analytical sampling, and sampling for
modeling). Some details of methodology and examples are given for the
analytical and modeling categories, and various further applications and
extensions are suggested.

In this paper I intend to give an overview of some issues and to
suggest developments of potential importance. It was originally
announced that this session of the symposium would deal with
"modern concepts of design and sampling." From just t ie statistical
point of view, design and sampling cover an immense territory, much
of which is terra incognita to me and to most ecologists, but what
seems to us to be new ground has no doubt been explored before in a
different context and in another field. Even so, we need better
models for design and sampling practices, and we can be sure that
someone will eventually point out prior claims to discovery.

If some overall philosophy is needed, I would endorse that of
MacFadyen (1975), who discussed "how scientists are supposed to
behave." I should prefer, however, to adhere to the dictionary defini-
tion of a paradigm as an "example or pattern" to distinguish it from
the more abstract features of theory. MacFadyen's remarks are espe-
cially useful in helping to get us out • <f the hypothesis-testing arena
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into the wider world of reality. Varley (1957) and others have simply
addressed a part, not the whole, of what is needed to establish ecol-
ogy as a science. I perceive systems ecology as having been developed
in an effort to break out of the experimental mold, and elsewhere I
have expressed some worries as to details (Eberhardt, 1977).

Coming down to earth, there is not much we can do about de-
signing a study until the objectives of the study have been defined. It
would be nice if the expressed objectives and those implicit in the
actual design were compatible, even though objectives built into a
design are usually a small subset of those expressed in the study
protocol. Too often the described objectives either are all encom-
passing or contradict what was actually done.

From the designer's point of view, the easy objectives to deal
with are the very explicit ones. Thus, if the objective "to control
pollution" is reduced to a specific definition of standards and that
"to detern. • a hazard" defines what constitutes a hazardous level and
to whom, we ^ ••n get down to the mechanics fairly readily. Similarly,
the objectives of determining quantities present in «ome defined re-
gion provide a firm working basis for designs. 2 suspect that one
reason why the base-line idea has not been successful is that the steps
have not been defined in sufficient detail as to what is to come next
(monitoring) or have been defined without concern for costs and
logistics. The objective "to minimize impact" seems to cause prob-
lems, probably because of inadequate understanding of what con-
stitutes an impact and inadequate data on the lower end of a dose-
response curve. The research objectives in studying cycling systems
are still too broad, because of inexperience and lack of data, to
produce a suitable framework.

An advance statement of objectives should help considerably in
determining whether a study will serve mainly to test a hypothesis,
measure a change, estimate a total quantity or average level, or
supply details for a systems model. In any case, some kind of model
is implicitly or explicitly involved, and it may be that, in eeolv., ,
models are usually more important than the determination of an end
point (i.e., determining that treatment x is superior to the others
tested).

The objectives and the circumstances under which the study is
conducted (as well as logistics, funds, time, etc.) will determine
whether it is a controlled experiment or an observational survey. It
seems to me that the distinction is an important one for several
reasons (Eberhardt, 1975b), e.g., because many scientists are condi-
tioned to think almost exclusively in experimental terms and because
different approaches in design and analysis are called for in the two
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situations. Perhaps the most important reason, however, is that the
course of data analysis and statistical inference may be subject to
many pitfalls in the observational survey situation, depending con-
siderably on the objectives of the study. Some interesting aspects of
the two situations were described by Wold (1956), who gave a "four-
fold map of ends and means in applied statistics." He classified obser-
vations as coming from either experimental or nonexperimental
sources and subdivided each category according to whether the in-
ferential purpose was descriptive or explanatory. Wold (p. 30) classi-
fied astronomy, meteorology, economics, and social sciences as
mainly observational in nature and described most other fields as
depending on both observational and experimental data (he sug-
gested psychology, genetics, and medicine as examples). Presumably
ecology Mis in the latter category, with a major dependence on
observational data.

Most of the emphasis in this paper is on observational data be-
cause it seems to me that this is where our main problems lie. For the
most part, I will consider situations where sampling can be controlled
(i.e., where the investigator can choose times and places) and where
the entire population of interest is at least potentially available for
study. Many results thus ensuing can be classified as descriptive. The
much harder problem of analysis (or explanation) in cases where
only limited control of sampling is possible has been reviewed
(mainly for qualitative data on human populations) by McKiniay
(1975).

Frequency distributions will not be cussed here. Instead I shall
usually assume that the observations come from a skewed distribu-
tion and that a logarithmic transformation will serve to create an
additive residual error with constant variance (Eberhardt, 1975a;
1976).

EXPERIMENTAL DESIGN

It is not feasible to discuss classical experimental designs here;
these are taken here to include studies in which the experimenter
controls assignment of various experimental treatments to selected
experimental subjects. There are many books on experimental design
and many statisticians who specialize in that area. It seems to me
that the main problems in applying such procedures in ecology are
usually either that the experiments are too small (i.e., not enough
replicates are used to make the experiment sufficiently "sensitive")
or that the models tested are too general (i.e., significant differences
between two treatments may be due to any of several causes or
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factors—another kind of insensitivity). All too often, randomized
assignment of treatments to experimental setups is neglected or
restricted—sometimes because laboratory facilities do not permit
randomization.

In many field experiments, costs and logistics preclude true repli-
cation (some investigators seem to think subsamples qualify as repli-
cates). A good example is experimental treatment of a lake, pond, or
stream. Even if the budget would allow simultaneous study of a half
dozen such entities, it is usually impossible to find that many (or
even pairs, for that matter) which are similar in physical character-
istics. As yet, too few alternative approaches to this problem, based
on fractional designs or some kind of artificial replication, have been
tried. An example of one such approach is the use of large plastic
barriers in lakes or ponds. There are, of course, hazards in such an
approach [for one example, see Boyce (1974)], but the technique
might give an approximation to replication for crucial parts of a
study. For instance, in many uptake and retention studies in aquatic
environments, much of the really crucial activity occurs in a matter
of hours after the initial release, and thus short-term replicates can be
very useful.

One of the major problems in designing and analyzing data from
studies of mineral cycling is that the appropriate models are usually
nonlinear, but most of the commonly used statistical methodology
pertains to linear models. Thus, when a course of action appropriate
to a linear model is applied in a nonlinear situation, the results may
be confusing, contradictory, and not very useful. Perhaps we can say
that most natural phenomena are basically nonlinear, and the essen-
tial feature of good analytical practice is to sort out the situations
where linear models are suitable from those where nonlinearity must
be explicitly recognized.

In designing practically any kind of study, we should initially
write down a model and consider what kind of analysis will be
attempted once data have been collected. Design often amounts to
finding an effective wny to collect the data in light of the structure
of the model, the assumptions, and the prevailing logistical and other
difficulties. Since so much of the statistical treatment commonly
used is based on an analysis of variance, it may be useful to quote a
definition (Scheffe, 1959, p. 3):

The analysis of variance is a statistical technique for analyzing measurements
depending on several kinds of effects operating simultaneously, to decide
which kinds of effects are important and to estimate the effects. The mea-
surements or observations may be in an experimental science like genetics or
a nonexperimental one like astronomy. A theory of analyzing measurements
naturally has implications about how the experiment should be planned or
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the observations should be taken, i.e., experimental design. Historically, the
present technique of analysis of variance has been developed mainly in con-
nection with problems of agricultural experimentation.

Note that Scheffe's definition makes no strong distinction be-
tween experiments and surveys, in accord with the fact that there is
usually nothing in the model or the subsequent mathematical analy-
sis to distinguish between them. The difference shows up only when
we begin to consider the bases for inferences that can be drawn from
the outcome of the study.

In a review, Cochran (1973) discusses planning experiments
where the response functions are nonlinear in some parameters. Hie
earlier work on the subject was concerned mostly with "dilution
series" experiments and bioassay, and much of the recent work has
been in industrial research, with very little attention to biological
studies.

SURVEY DESIGN

I use the term survey design here to cover instances where the
investigator can proceed only by observing some phenomenon or
process, without being able to exert any control. In some instances
the study may be experimental in the sense that the process is
initiated by the investigator (e.g., by introducing a chemical into a
particular ecological system or by labeling a substance already
cycling in the system). I think the important distinction is that such
experiments often have no true replicates (independent repetitions of
the study). Sometimes two or more levels (treatments) may be used,
but, in the absence of replication, there is no experiment in the sense
of the usual experimental design. This, then, is observation by
sampling. The design aspects are mostly based on effective ways to
estimate quantities of primary interest and depend on the objectives
of the study. The following sections discuss four categories of survey
based on objectives of the study.

Descriptive Samph'ni

Descriptive sampling covers what might be called the classical
approach. A number of textbooks are devoted to such studies; per-
haps that of Cochran (1963) is best known to biologists. Basically,
the study objective is to get efficient estimates of a total quantity or,
equivalently, an average or mean level. Applications of this type of
survey to sampling for radionuclides or other trace substances are
described elsewhere (Eberhardt, 1976).
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Sampling for Spatial Pattern

"To estimate efficiently a total or mean" may not adequately
describe the objectives of a sample survey in cases where the spatial
pattern is regarded as important. We may instead want to learn a
good deal about the location of the substance of interest. Although
both objectives are often important (we want to know "How
much?" as well as "Where is it?"), it would be useful to develop a
sampling theory that explicitly addresses the problem of optimal
location of sampling points to reveal the pattern of distribution of
some substance over space.

Particular examples of importance include petroleum exploration
and mining surveys. Some details of the methodology being devel-
oped for these and related purposes appear in a symposium volume
edited by Merriam (1970) and in a book (Agterberg, 1974).
Eberhardt and Gilbert (1976) suggested some of the problems in-
volved in sampling for pattern, with particular reference to sampling
surface soils for plutonium at the Nevada Test Site. The surveys in
current use for that purpose (Gilbert et ah, 1976) were based on
stratified random sampling and, thus, predicated on efficient estima-
tion of a total or mean.

The chief methods now available for depicting pattern are based
on computer algorithms for drawing contour maps, and the com-
puter methods are based on estimated levels at uniformly spaced
points. Inasmuch as concentrations of many trace substances exhibit
skewed frequency distributions, for which the log-normal distribu-
tion appears to be a useful model, a suitable basis for contouring is
systematic (grid) sampling and logarithmic transformation of the
data (to approximate a constant error variance over the region of
interest, without which the contouring process would seem to be
inordinately complex). If we use such a setup, the contrast between
sampling for a total and sampling for pattern becomes very striking.
Table 1 shows the sampling pattern actually used to estimate total
plutonium in surface soil in an area at the Nevada Test Site [Area 5
(Gilbert et al., 1975)] and the equivalent pattern called for if
contouring was the primary objective (assuming grid sampling and,
thus, proportional allocation).

Some potential problems in the use of the logarithmic transfor-
mation need study. Very likely if we make a contour map of log-
transformed data, it will serve many of the purposes of a map based
on arithmetic values of concentrations. Some questions may arise if
the map is to be used as a basis for "clean-up" or decontamination of
parts of the area since we may then want better detail in high-
concentration areas. Possibly the questions will become even more
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TABLE 1

SAMPLE ALLOCATION FOR ESTIMATING TOTAL PLUTONIUM
IN SURFACE SOIL (AREA 5, NEVADA TEST SITE)

Stratum

1
2
3
4
5

Total

Proportion
of area in
stratum

0.905
0.060
0.006
0.006
0.023

1.000

Standard
deviation,
/uCi/m2

4.23
42.68

221.70
719.37

t

Sa-

Optunum*

31
21
11
35
t

98

•pie allocations
Actually

wed

41
22
12
23
t

98

"Pattern"
(proportional)

90
6
1
1
t

98

•Calculated from survey results.
fNot relevant for this comparison.

important if the map is to be used for dose estimation or as a basis
for studying transfers to vegetation and perhaps uptake by a herbi-
vore. In general, the issues have to do with whether we can work on a
ratio (or multiplicative) scale or whether we must consider an addi-
tive process (such as ingestion of food by an animal).

Analytical Sampling

Cochran (1963, p. 4) classifies sample surveys into two broad
types, descriptive (discussed previously) and analytical, in which
"comparisons are made between different subgroups in the popula-
tion, in order to discover whether differences exist among them that
may enable us to form or to verify hypotheses about the forces at
work in the population," Not a lot of attention has been paid to
analytical sampling—in part, I believe, because of a tendency to deal
with such comparisons by an analysis of variance. Perhaps the main
contribution of sample survey theory is to provide some focus on
allocation of samples for improved efficiency.

In many situations analytical surveys can be considerably im-
proved by use of auxiliary variables that are functionally related to
the variable of interest and serve to reduce observed variability in
comparisons (often in an analysis of covariance). An example is the
use of body size as a covariate in analyzing concentrations or reten-
tion times (Eberhardt, 1975a).

Possibly base-line and monitoring studies belong mainly under
the heading of analytical studies since they are usually concerned
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with differences among areas and species and with changes over time.
A problem in some such studies is that an appreciable fraction of the
measurements may be at "trace" or "below detection limit" levels.
The difficulties in statistical analysis would then seem to lead natu-
rally to the use of nonparametric techniques based on medians, per-
centiles, etc. I have not seen any extensive examples of such analyses
in the circumstances considered here, however.

Sampling for Modeling

Sampling for modeling appears to me to be a distinctive but as
yet neglected category. In many mineral cycling and related studies,
there is considerable interest in the fit of data to reasonably well-
established models and to the estimation of parameters in such
models. In fact, as a consequence of the sizable differences usually
existing in the circumstances under which the various studies are
carried out, often the results can be usefully interpreted only by
reference to models and the relevant parameter values.

Sampling for modeling may well include such features as model
construction, fitting data to models, and discriminating between pos-
sible candidate models. In this report, however, the emphasis is
mainly on selecting optimum sampling times in collecting data to fit
a particular model or set of models. I also assume that there are some
a priori grounds for selecting particular models; i.e., the fitting of
wholly arbitrary curves (e.g., polynomials) to represent the data is
excluded here.

The basis for design considered here was developed by Box and
Lucas (1959) and has been used mainly in industrial experimentation
[some references to more recent work appear in the review by
Cochran (1973)]. The basis can be applied to selecting optimal de-
sign points simultaneously for several variables (e.g., time, tempera-
ture, and pressure), but only one, time, will be considered here. Thus
the scheme is to find the best sampling times for fitting a model. The
main drawback is that advance estimates must be available for param-
eters entering into the model in nonlinear fashion. Since these are the
parameters likely to be responsible for the most rapid changes in
shape of the curve generated by a model, it seems evident that we
should not try to design an experiment without some knowledge of
their values. Much more experience with actual design is needed to
determine how critical the advance estimates are to the success of the
design.

A brief account of the procedure follows. Let the underlying
model be
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i op) + €u

V(u) = a2 cov{u,v) = 0 u,v = 1, 2 , . . . , N

where tu is the uth sampling time and Qx •> »0p are the p param
eters of the model, and a constant variance and independence of the
observations are assumed. Least-squares estimates of the parameters
are obtained by minimizing the sum of squares:

s = £ [yu - f ( t u ;0 , , . . . , 0p ) ] 2 (2)
u=l

and solving the p normal equations:
N

where the partial derivatives are evaluated in terms of the parameter
estimates (i.e., the vector of parameter values, 0, is set equal to that
of the estimated values, 8).

Thus far the procedure is the usual nonlinear least-squares ap-
proach. The approach used by Box and Lucas (1959) considers the
Nxp matrix of partial derivatives:

= (fru) (4)

where fru is the partial derivative with respect to the rth parameter
evaluated at the nth sampling time (Box and Lucas used the symbol
F here, but most other investigators use X, to agree with the usual
expression in linear models). The variance—covariance matrix is ap-
proximated by

a2[X'X] ' (5)

Thus a design matrix, D (here a vector of observation times), can be
selected by minimization of the absolute value of Ihe determinant of
Eq. 5. This amounts approximately to minimizing the joint confi-
dence interval (or confidence ellipsoid) for the parameter estimates.
The results are exact for linear models but only approximate for
nonlinear models.

An equivalent procedure is to maximize the absolute value of the
determinant |X'X|. To simplify matters, Box and Lucas chose to
consider only cases where Ihe number of sampling times (N) equals
the number of parameters (p). Subsequently investigators (e.g.,
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Cochran, 1973) concluded that the optimal or near-optimal plan is to
use N = p and to replicate the experiment at the same points. Wit,1"
this restriction the matrix X is square, and maximizing |X'Xj is
accomplished by maximizing |X|. The Box and Lucas scheme then is
to find sampling times that maximize the absolute value of a deter-
minant of the matrix of partial derivatives of the function, taken
with respect to the parameters and evaluated at selected sampling
times and advance estimates of the parameters. For example, the
design for N = p = 3 can be obtained by finding an absolute maxi-
mum for A:

A =

01 (t,) <t>2 (t ,) 03 (tl)

01 (t2) 02 (t2) 03 (t2)

01 (t3) 02 (t3) 03 (t3)

(6)

where 0j(tj) is the partial derivative of f(tu; 0 , , . . . , 0p) taken with
respect to the ith parameter and evaluated at an advance estimate of
that parameter's value and time tj.

It is important to note that only advance estimates of the non-
linear parameters are required. If a parameter is additive, i.e., if

y = 0, + f ( tu ;0 2 , . . . , 0 p ) (7)

the partial with respect to it is a constant and drops out of the
remaining partials. Since one row of the matrix is comprised of con-
stants, it can be reduced accordingly, and 6t has no effect on the
maximum. If a parameter is multiplicative, i.e., if

y = 0 1 f ( t u ; 0 2 , . . . , 0 p ) (8)

it can be easily shown to factor out of the determinant, i.e.,

A = 0 j k { t 1 , . . . , t p ; 0 2 , . . . , 0 p ) (9)

so that the numerical value of 6t does not affect the search for the
maximum.

A modification of the Box and Lucas scheme seems important
for mineral cycling studies because the original formulation and
nearly all subsequent literature assumes additive normal errors
(represented by eu in Eq. 1) although most of the available experience
in the field suggests that log-normal multiplicative errors are a prefer-
able assumption. Thus, before we search for the design points, we
must make ? log transformation. The model is now
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Iny u =lnf ( tu ;0 , , . . . , 0p ) + lneu (10)

and In eu is assumed normally distributed (In denotes logarithms to
the base e). The effect on the design matrix is straightforward since

(ID

where f represents f(tu; 0t, , 0P). Hence, the conversion for the
determinant written out in Eq. 6 for N = p = 3 is

A l o « = f(t,)f(t2)f(t3)

In practical applications it is seldom safe to use only N = p
sampling points. Box and Lucas (1959) and others suggest adding
points selected to provide optimum sampling times for a more com-
plex model that may turn out to be the appropriate one when all the
data have been collected. Thus, if a simple exponential decay is
expected, we might select extra points in accord with a two-
component model. Since our experience has been that at least some
of the points for A] o g differ from those for A, it might be useful to
include both sets of points in a design, at least in the early stages of
field testing the Box and Lucas scheme. Also, some extra points need
to be available to provide degrees of freedom in testing fits of the
model.

Much actual experience and field testing of this scheme are
needed to answer various questions. At present, however, I know of
no other guidance in sampling for curve fitting. Most investigators
sample uniformly on either an arithmetic or a logarithmic scale. If
sampling is inexpensive, we may prefer to use a uniform scale. Field
sampling is usually costly, however, as are many of the necessary
chemical analyses. Thus a useful approach may be to take some
points on a uniform scale and supplement them with the optimal
points (N = p) from the Box and Lucas scheme.

One drawback to this scheme is that solutions (maximizing A)
for any but the most elementary models require a computer pro-
gram.

EXAMPLES

Space limitations preclude presenting detailed examples here, but
a few potential applications of the various categories are described in
the following sections.
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Experimental Design

linear designs have been largely neglected here, mostly because
nonlinear models occur so frequently in the fields of application
under consideration. A great deal of work has been done on linear
designs and on other approaches to nonlinear models (see, e.g., the
review by Mead and Pike, 1975).

One area in cycling where much nonlinear experimentation is
needed has to do with the interactions of retention time, body size,
and temperature, particularly with respect to aquatic organisms. It is
now quite soundly established that retention time is influenced by
body size. A logical consequence of such a relationship seems to be
that retention time changes with growth. Eberhardt and Nakatani
(1968), using data from experiments on retention of 6 5Zn by small
trout, postulated that the ensuing relationship should have the form
of a Gompertz curve. So far as I know, no planned experiments have
attempted to follow up on this suggestion. In designing such an
experiment, we might select sampling times in accord with the Box
and Lucas (1959) scheme, along with others selected to test an alter-
native model. If a logarithmic transformation of data is used, the
Gompertz becomes the Mitscherlich curve, for which design points
have been studied by Box and Lucas and others.

The effects of temperature on retention time also need further
study in view of the probable complication of growth and tempera-
ture interactions, with growth tending to reduce retention time but
being stimulated by increasing temperatures (this, in turn, reduces
retention time). An experiment on growth effects might afford
further insights if done with fish at several temperatures. Appar-
ently most investigators tend to model temperature effects in agree-
ment with the following equation (Paloheimo and Dickie, 1965):

(13)

where T = a measure of metabolic rate
W = body weight
t = temperature

t0 = reference (base) temperature
a, 7, and Q = constants

This is a convenient expression because taking logarithms linearizes
it.

It seems to me that a major concern in planning an experiment
should be to test the possibility that temperature influences 7, i.e.,
that the log-transformed model will not be linear. Paloheimo and
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Dickie (1966) noted some cases where y seemed to change with
temperature but suggested the rate of acclimation of fish to the
experimental temperatures may be responsible. Glass (1969) col-
lected data from a number of experiments in which metabolic rate
was measured at several temperatures and compared log-linear and
nonlinear least-squares fits of a model of the form

T = aW? (14)

(The quantities are as defined for Eq. 13.) Although Glass recom-
mends the nonlinear least-squares approach, my own experience with
retention data (Eberhardt, 1975a) suggests that the log-linear ap-
proach is preferable (see also Zar, 1970). Thus the data from the
log-transformation fit (Table 1, columns 5 and 6, Glass, 1969) seem
appropriate for consideration here.

The data from experiments where a range of temperatures were
used suggest a definite relationship between temperature and 7 (b in
Glass's table), except the bass and brown trout data. At low tempera-
tures 7 exceeds the usual 0.8 value, but at higher temperatures it
approaches the standard value or drops somewhat below that level. It
may also be noted that a (a in the table) shows an opposite pattern
of variation with temperature. This is, of course, what might be
expected if Eq. 13 is converted to log form:

logT = loga + (t —t0)logQ + 7logW (15)

In the experiments reported by Glass, only T and W varied, so we can
write a = log a + (t —10) log Q (i.e., a is presumably constant). If y
varies with t, however, the model will somehow need to also show 7
as a function of temperature. Presumably several such models should
be devised and taken into account in the experimental design to give
as much scope as possible in testing for the best model.

Survey Design

Some details and examples falling under the heading of descrip-
tive sampling were discussed by Eberhardt (1976) and Gilbert et al.
(1975; 1976) and need not be discussed here. We have begun to look
into some of the issues involved in sampiing for spatial pattern and
have discussed these in another paper (Eberhardt and Gilbert, 1976).
Examples of contour plots of the Nevada Test Site plutonium data
appear in Gilbert et al. (1975).

An example that illustrates the problems of both analytical
sampling and sampling for modeling can be drawn from the results of
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a study by Martin and Turner (1966), who investigated 8 9Sr in
plants and rabbits on the Nevada Test Site after Project Sedan. They
expressed the data as a two-compartment model, in which plants
were one compartment and rabbit bone the second, and derived the
following equation for rabbit bone:

(16)

where 02 is the initial concentration on plants and 03 is the loss
coefficient in the model for plant concentration:

yp = d2e
e*t (17)

The loss coefficient for rabbit bone is represented by 04 , and 0] is a
transfer coefficient:

!j (18)

where Wp is the dry weight of plants eaten by a rabbit per day, Wb is
the dry weight of bone ash per rabbit, and fb is the fraction of
ingested 8 9Sr deposited in rabbit bone. Goldstein and Elwood
(1971) give an extensive analysis of models like Eq. 16.

Martin and Turner (1966) used data collected at four sampling
times (5, 15, 30, and 60 days postdetonation) and at a number of
stations within each of four areas at increasing distances from the
detonation point (the areas are designated Groom, Penoyer, Rail-
road, and Currant; see Martin and Turner, Fig. 1). They used the data
mainly in the form of averages over a selected set of stations (Martin
and Turner, 1966, Table 1), presumably because individual observa-
tions varied considerably. Attempting to obtain additional informa-
tion and hints for sample design by analyzing the individual observa-
tions seems to me to be a useful exercise.

Martin and Turner (1966) pointed out that, since the plants
(shrubs) sampled are not major food items in rabbit diets, 0, also
contains a proportionality constant. A value for 0, (0.115) was ob-
tained by estimating Wp and Wb from independent data, and fb was
obtained by averaging algebraic solutions of the model for various
time intervals after the other parameters were determined. The aver-
age plant data were used to estimate 03 (0.0385), and 04 was set at
0.0346 on the basis of further algebraic manipulation at the assumed
maximum value of 8 9 Sr concentration in rabbit bone. Using these
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constants and a regression of plant data on radiation contour levels,
Martin and Turner (1966, Table 3) showed a close relationship be-
tween calculated and observed concentrations in rabbit bone for
averages of certain sets of sampling stations.

My approach was to try to fit the model directly to the data by
use of nonlinear least squares. After various such attempts failed, the
tentative conclusion was that 63 and 64 may have too nearly the
same value for the nonlinear least-squares procedure to function
satisfactorily (note that the estimates of Martin and Turner differ by
only about 10%). We might also note that, at the time the fits were
attempted, we had not fully appreciated the advantages of log trans-
forming the data. One other worthwhile modification of technique,
that of joint-fitting common parameters over several sets of data, also
needs to be tried. It has recently come to our attention that observa-
tions at some additional time points are available (Martin and Turner,
1965), and thus it may still be possible to fit the data with nonlinear
least-squares methods.

If we assume that 04 = 63, the following model results (either by
solution of the relevant differential equation or as an approximation
as 04 approaches 03):

This model can be linearized as

log (yR/t) = log (0,02) - 03t (20)

This simplifies analysis considerably.
Using an analysis of covariance (Scheffe, 1959) on the data of

Martin and Turner (1966, Table 1) yields the estimates of B3 given in
Table 2, along with relevant F-tests of significance. Note that the
values obtained from plant and rabbit data now estimate the same
quantity. As is evident from the size of the standard errors (given in
parentheses after each estimate), the individual estimates are quite
variable. The F-tests for significance of slope differences (between
stations within areas) seem to indicate homogeneity of the slopes,
with the exception of Railroad Valley, where two stations (R-4 and
R-7) are discrepant. With this exception, the plant data suggest an
overall slope of 0.030 or less—appreciably less than the 0.038 used
by Martin and Turner. However, their estimate was based on data
collected up to 30 days postdetonation, and they note that the data
suggest that a simple single-exponential model may not be adequate
for the full 60 days (probably a twc-component exponential should
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TABLE 2

SLOPES OF LOG-LINEAR MODELS FITTED TO PLANT
AND RABBIT DATA ON STRONTIUM-89

CONCENTRATION*

Area and station

Groom
G-3
G-4
G-5
G-6
G-7

Combined slope
F-test of slope differences
F-test of intercept differences

Railroad
R-2
R-3
R-4
R-6
R-7

Combined slope
F-test of slope differences
F-test of intercept differences

Penoyer
P-1
P-4
P-5
P-7
P-15

Combined slope
F-test of slope differences
F-test of intercept differences

Currant
C-1
C-2
C-3
C-4
C-5

Combined slope
F-test of slope differences
F-test of intercept differences

Plants

0.025(0.002)
0.027(0.018)
0.042(0.004)
0.011(0.009)
0.047(0.010)

0.030(0.005)
1.94(4,10)

29.0(4,14)

0.026(0.010)
0.019(0.008)
0.063(0.011)
0.018(0.006)
0.003(0.003)
0.026(0.006)
7.19(4,10)

0.016(0.010)
0.030(0.016)
0.019(0.007)
0.022(0.006)
0.015(0.004)

0.021(0.004)
0.35(4,10)

19.24(4,14)

0.031(0.001)
0.029(0.005)
0.033(0.009)
0.023(0.002)
0.030(0.003)

0.029(0.002)
0.58(4,10)

15.30(4,14)

Rabbits

0.027(0.010)
0.006(0.031)
0 154(0.020)
0.012(0.009)
0.019(0.027)

0.024(0.009)
0.78(4,10)

15.6(4,14)

0.017(0.010)
0.026(0.009)
0.034(0.022)
0.010(0.014)
0.046(0.018)
0.027(0.007)
0.85(4,10)
7.21(4,14)

0.062(0.010)
0.049(0.030)
0.053(0.007)
0.050(0.032)
0.061(0.030)

0.055(0.009)
0.06(4,10)
4.58(4,14)

0.053(0.015)
0.096(0.012)
0.024(0.022)
0.012(0.025)
0.003(0.032)

0.036(0.013)
3.07(4,10)
0.81(4,14)

* Approximate standard errors of slope estimates are given in
parentheses.
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be considered, but this is not very practical with just four observa-
tions at each station).

The rabbit data also suggest constancy of the slopes. Data for
three of the four areas yield combined estimates that are evidently
quite compatible with the plant data and thus support my choice of
model (i.e., the near-equality of 03 and 04). The Penoyer rabbit data,
however, are consistently and substantially higher than the plant
data. This leads to speculation that there may be something rather
"different" about fee rabbits in that area.

In general, the analyses show evidence of substantial differences
between stations (F-test for intercepts), which are, of course, self-
evident from an inspection of the raw data. Some further analysis
(e.g., multiple comparisons) might be used to better delineate these
differences.

Another feature of interest in the data is the relationship be-
tween concentrations in plants and rabbits. In the log-linear models,
the relevant coefficient shows up in the intercepts, and presumably
appropriate contrasts might be studied by extending the analyses of co-
variance of Table 2. An alternative is to note that in the models used
an estimate of the transfer coefficient is available as

In 0, = In (yR/t)- ln (yp) (21)

This suggests an analysis of variance on data transformed as discussed
previously. Using a two-way analysis allows us to examine effects due
to stations and times. The results of such analyses (Table 3) are
interesting chiefly in that the Groom and Railroad Valley locations
show evidence of significant differences among stations. The analysis
of variance of the Penoyer data is of doubtful meaning, in conse-
quence of the evidence (Table 2) that the assumed model does not

TABLE 3

ANALYSIS OF VARIANCE OF LOGARITHMS OF
TRANSFER COEFFICIENTS*

Variable

Station
Times
Interaction

Groom

4.81(4,12)
1.52(3,12)
0.04(1,11)

F-valuet for location
Railroad

3.52(4,12)
0.50(3,12)
0.96(1,11)

Penoyer

0.37(4,12)
4.19(3,12)
0.56(1,11)

Currant

0.17(4,12)
0.17(3,12)
2.77(1,11)

•Numbers in parenthesec are degree* of freedom for F-test.
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hold. More-detailed analysis might be helpful in understanding why
the transfer rates differ among stations. We could, for example, at-
tempt to determine whether the differences are associated with dif-
ferences in concentration and thus possibly with differences in
particle sizes.

Evidently two areas need further consideration—spatial pattern
(what allocation of sampling points would give the most information
about the significant differences among the stations described) and
sampling points in time (what pattern would be best for estimating
parameters and for analysis of variance and covariance). Although
the Sedan event, or one like it, is not likely to be repeated, the issue
of how to distribute survey resources in time and space (more
stations and fewer sampling times or vice versa) will obviously be
with us for a long time. Thus any ideas for improvement that can be
deduced from past studies will be useful.

Selecting optimum sampling times for the Sedan data depends
very much on whether a transformation of the data is to be used and
on the model and parameter estimates. We believe that log transfor-
mation is important here, and, with the simplified model described,
this gave a linear model. Minimizing the joint variance of parameter
estimates is then accomplished by splitting the sample between
earliest and latest practicable sampling times, at least so far as stan-
dard theory and the linearized plant model is concerned (In yp = In
62 — 03i). Thus we might select as optimum with regard to the
simple exponential model an initial time just after the detonation
(presumably late enough so that most fallout had ceased) and a time
as late as feasible without bringing in important problems with
counting (measurement) errors.

We cannot, of course, be sure that the model holds exactly. In
fact, experience suggests that a two-component exponential (in this
case having four parameters) would be more likely to hold. A logical
step in studying plants alone would be to find optimum times for the
four-parameter model, but, since the rabbits must also be sampled,
preferably at the same time as the plants, we may first inquire about
the best times for rabbits.

The rabbit model was linearized by a logarithmic transformation
of yit/t, which is not, of course, defined as t approaches zero.
Further consideration of this aspect would be worthwhile theoreti-
cally speaking, but, in practice, we would sample rabbits only after
enough time has elapsed to give levels high enough to count (mea-
sure) reliably. Probably day 5 [used by Martin and Turner (1966)]
would be a reasonable initial point for both rabbits and plants, and
both would be sampled as late as is practicable. Note that the late
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samples probably will not be taken at the same times for plants and
rabbits (see Martin and Turner, 1966, Fig. 2). By day 60 (the last
sampling time), plant levels had dropped off to a fairly low level, but
rabbit bone maintained a relatively high concentration. Thus we
might choose a later final sampling time for rabbits. Thus we have
three points dictated by optimal strategy (or nearly so).

In choosing additional times, we can go in several directions. As
noted, we might consider optimal times for a two-component ex-
ponential model for plants. To avoid some complications thus
introduced, we will not explore mat direction here. Another pros-
pect is to return to the model used by Martin and Turner for rabbits.
Although that model was written in Eq. 16 as having four param-
eters, we necessarily would fit it with three, regarding the product 0l02
as one paramter. The reason for considering this model is the possibility
that it may, in fact, be "true," i.e., that the loss parameters for plants
and rabbits may not be identical (or nearly so), as was assumed in
reducing the model to Eq. 19 (where the product 6102 would now
be represented by a single parameter). Now a new complication
arises; we may not wish to assume that the two parameters estimated
by Martin and Turner (0.0346 and 0.0385) are quite so close to-
gether. One practical approach is to vary these parameters and
generate corresponding sets of sampling times to see what spread of
sampling times might give some protection against various eventual-
ities.

An additional complication may be introduced by the decision as
to whether to make a logarithmic transformation of the data. Our
experience mostly suggests that the transformation should be made,
but no doubt there will be circumstances where it should not. be (i.e.,
where a plot of residuals about a fitted curve suggests homogeneity
of the error variance). In general, the optimum times for a log-
transformed model of the form used by Martin and Turner appear to
include a very early and a very late time, as we indicated in the plant
model and the reduced model discussed. In the original form (i.e.,
untransformed), the optimum times are appreciably different from
those indicated for the logarithmic form of the model.

An attempt to specify optimal times for the Sedan study
sampling calls for more discussion than is warranted here, but the
general picture seems clear. Martin and Turner used sampling times
of 5, 15, 30, and 60 days postdetonation. The three optimal times
we arrived at here include the earliest feasible date, which might be
~ 5 days but could possibly be leas; ~60 days; and the latest feasible
tune, which would be considerably beyond 60 days. We would, of
course, want to include some additional times for degrees of freedom
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(variance estimates) and to check the models. There are several
choices to be investigated in selecting additional times:

1. Optimum times for a two-component exponential model
(plants).

2. The nontransformed form of the various candidate models.
3. Times chosen to minimize the impact of poor initial parameter

estimates (selected by studying the effect of varying parameter values
on optimum times).

From the foregoing, it is apparent that finding optimum sampling
times may be a complex operation and is subject to various uncer-
tainties about, assumptions. A practical-minded field investigator may
inquire, "Is it worthwhile?" For a very simple, but nonetheless
practical, answer, we will consider the log transform of a simple
exponential model, In y = In 0, — 021 (the plant model for the Sedan
data). In this case the confidence ellipse (Eq. 5) for the parameter
estimates depends on the square of the difference between the two
sampling times, i.e., on ( t m a x — t m i n ) 2 . Thus choosing well-
separated sampling times has a dramatic effect on the resulting in-
formation on the parameters. A realistic answer then is that the
process of seeking optimal sampling times is potentially very much
worthwhile.

Realizing the potential gains from optimum sampling calls for a
good deal more research. Since the model used by Martin and Turner
(1966) is about the simplest available for mineral cycling studies, it
seems to provide a good starting place [details and applications of
that model are discussed by Goldstein and Elwood (1971)]. Much
work has already been done on the same model in connection with
industrial research, but most of the results pertain to a two-
parameter version. The model was initially described by Box and
Lucas (1959) in terms of a first-order, irreversible chemical reaction:

^ e"*'*-e-*»*) (22)

Some subsequent studies referring to this model are those of Draper
and Hunter (1966), M.J. Box (1968; 1970; 1971), Atkinson and
Hunter (1968), and Hill and Hunter (1974). Two points need to be
considered in adapting the results of this work to mineral cycling and
food-chain problems. First, a third parameter is needed for many
such applications (it disappears in the chemical reaction studies be-
cause we assume that the initial quantity of reactant is known ex-
actly). Second, a log transformation seems advisable for studies of
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the kind considered here. As far as I can see now, these two features
work in opposite directions. The third parameter tends to complicate
matters, but the log transform, somewhat surprisingly, seems to
simplify the structure that must be dealt with in finding optimum
sampling times. Our studies (as yet preliminary) suggest, as men-
tioned previously, that the log form of the three-parameter model
calls for one early and one late sampling time; thus the main effort
may be in finding the intermediate time.

Sampling for Profiles

Some further examples of sampling for both analytical and
modeling purposes can be drawn from the various applications of
one- and two-component exponential curves. In a sense, these might
be described as situations where the investigator wants to develop a
profile of concentration over time or distance. Three categories of
such studies are discussed in the following sections.

Retention of Some Substance by an Animal

The classical examples of retention studies are single- and multi-
component retention curves. Two cases must be distinguished. One is
the situation where repeated measurements on the same individual
are feasible, e.g., gamma spectroscopy can be used. In this case
sampling is not so expensive, and frequent counts can be obtained. In
the second situation;, where animals must be sacrificed for observa-
tions, the selection of optimum sampling times is probably most
important. The Box and Lucas scheme can be used to advantage
here.

Measuring Concentrations Away from a Point Source

When studies of a contaminant are to be made at various dis-
tances from a source, the investigator may -benefit in his choice of
distances by seeking optimal times for specific models. One example
is the study of radionuclide concentrations along a stream bed re-
ported by Hakonson, Nyhan, and Purtymun (1976). Others include
the study of, for example, lead concentrations at varying distances
from a highway (Quarles, Hanawalt, and Odum, 1974), air pollutants
at distances from a metropolitan center (Bishop etal., 1975;
Muggleton, Lonsdale, and Behham, 1975), and smelter emissions
(Jordan, 1975). Many other factors enter into tiie choice of sampling
sites, but the investigator should also consider that it may be neces-
sary to fit a model to data on concentration with distance.
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Studying Soil Profiles

An important issue in many studies of contaminants is that of
penetration into the soil or other substrate. Present practice is to
sample a sizable number of depth increments; this can obviously be
expensive if, as is usually the case, the investigator also wants to
explore the behavior of the profiles over the area. Thus there seems
to be a considerable advantage to developing a rationale for the
number and specific depths to be sampled. For example, selecting
optimum depths for fitting a one- or two-component exponential
curve might provide such a rationale. Soil profiles differ from those
over time or distance in that the scale of the latter "profiles" is such
that an observation can be conveniently regarded as a dimensionless
point in time or space. Soil profile increments, on the other hand,
may constitute an appreciable fraction of the total depth investi-
gated. Thus there may be a question of where to plot the value
observed for a particular increment. An incremental sample actually
represents the integral of the depth distribution over that increment.

As in other sampling situations, the objectives of the study
should be considered before we choose a sampling plan. Three objec-
tives are described in the following sections, with comments on pos-
sible sampling schemes.

Estimating a Total
When estimating a total quantity is the main objective, the logical

thing to do is to take single cores to a depth beyond which penetra-
tion is unlikely. The main problem is that, since such cores usually
cannot be assayed in toto, subsampling must be used. This introduces
the difficulty of achieving adequate mixing. I believe two subsamples
should be taken from each core after mixing as a check on the
effectiveness of the mixing process. For some comments on pooling
and composites, see Eberhardt (1976).

If profile data are taken, but an estimate of the total for each
location (equivalent to a single deep core) is also wanted, one
obvious way to proceed is to weight the value of each incremental
unit by a corresponding depth interval. This is, in effect, a numerical
integration of the data. An alternative might be to use the integral
equation for a model fit to the profile data. If, for example, a simple
exponential seems to fit the data, the profile can be described by y =
0je~°«x, of which the integral is y T = (0i /02) (1 — e'02%). One
problem is that of obtaining confidence limits on such an estimate
(yx) using parameters derived from fitting the first equation.

An intriguing alternative procedure would be to sample to fit the
second equation directly, i.e., to take adjacent cores from the surface
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down to a series of depths. We could then fit the integral equation to
obtain estimates of 6t and 92 and use these parameters to describe
the profile. One advantage of this procedure is that the question of
where to plot the data for an increment does not arise, but disadvan-
tages include the previously mentioned mixing problem and an
evident increase in the number of samples in comparison with the
single core.

Perhaps the main choice is which side of a compromise scheme
gets the most emphasis—whether to describe the profile with the
usual incremental sampling or to estimate the total with composite
cores. I do not know of an example of Hie integral composites
scheme in practice. In either case we can postulate more complex
(e.g., two-component) models and select optimal sampling depths for
them.

Describing a Profile

When the main objective is simply to describe the depth profile,
the main issue may be whether to use an arithmetic or a logarithmic
scale. As I have previously remarked, the best scale for fitting a
model is likely to be the log scale. For the simple exponential model,
the log scale is known to give the best estimate of 62, the slope or
penetration parameter. A log-linear fit actually estimates In 0 , , how-
ever, and there may be questions of bias if we transform this back to
estimate 0 , . Practically speaking, however, the incremental samples
usually taken at the surface serve to estimate 01 directly.

Making Comparisons

Under some circumstances we may be primarily interested in
comparing locations, times, etc. This objective can involve the com-
plications of both estimating a total and describing a profile, plus
some others. One question, for example, is how to use proiile data in
comparisons among areas. Since the increments of a given profile are
not independent, most "natural" ways to proceed may be question-
able. For at least the simple exponential model, one procedure may
be via an analysis of covariance, testing commonality of slopes and
then adjusting to a common depth. An alternative, of course, is
multivariate analysis.

CONCLUSION

My main conclusion is that more attention needs to be paid to
sampling when we design ecological studies of trace substances.
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Dramatically different sampling plans may result depending on the
primary objectives of the study. Four categories of sampling are
suggested:

1. Descriptive samplirg, sampling to estimate a total or mean.
2. Sampling for spatial pattern, often expressed as contour lines.
3. Analytical sampling (comparisons).
4. Sampling for modeling.

I believe that items 2 and 4 need a great deal more research and that
such studies should pay off substantially in improved efficiency and
gains in our understanding of ecological systems.
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COAL COMBUSTION, TRACE-ELEMENT
EMISSIONS, AND MINERAL CYCLES

FREDERICK B. TURNER and CARL L. STROJAN
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California, Los Angeles, California

ABSTRACT

Amounts of various trace elements released to the atmosphere by coal
combustion are reviewed in terms of specific power plants, as well as U. S. and
world totals. Rates of atmospheric discharge of selected elements are contrasted
with natural mobilization rates caused by weathering. Attempts to measure
inputs of trace elements from coal-burning power plants directly have generally
led to negative or ambiguous results, but enrichment of environmental samples
by anthropogenic sources can be shown, and specific sources can sometimes be
inferred. Storages of selected trace elements in the soil and vegetation of a forest
community in Tennessee and a deceit community in Nevada are compared.
Some simple differences in trace-element dynamics in forest and desert
ecosystems are adduced; these generally derive from differences in amounts of
precipitation.

Combustion of coal to generate electrical energy wiU increase greatly
during the next few decades (Osborn, 1974; Abel and Ranritelli,
1975). Coal combustion releases potentially toxic materials into the
atmosphere which are ultimately deposited on the ground and
incorporated into biogeochemical cycles (Bertine and Goldberg,
1971; Wood, 1974). It is important to understand how such
substances accumulate and cycle between soil—planlnconsumer—
decomposer compartments of terrestrial ecosystems. Furthermore,
we must consider the relationship between amounts of materials
released during the 30- to 40-year life-span of a coal-burning plant
and environmental levels of these substances expected to have
demonstrable ecological consequences.
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Events following emission of gaseous and participate materials
from fossil-fueled power plants are complex, and the regimens of
sampling and analysis required to investigate these phenomena can be
formidable. Our remarks are limited to only a few of the problem
areas. We review data relating to trace-element emissions from coal
combustion and discuss possible differences in trace-element dy-
namics in mesic forest ecosystems and arid environments, dealing
principally with participate atmospheric emissions from conventional
coal-fired plants and avoiding involvement with oxides of sulfur and
nitrogen and various volatilized substances. We do not specifically
consider coal gasification or liquefaction, although our remarks are
applicable to these technologies to the extent that their atmospheric
emissions coincide with those of regular coal-burning plants. With the
exception of brief mention of some features of atmospheric
transport and deposition, our study is devoted to storages within and
fluxes among terrestrial ecosystem compartments. We do not
consider transfers of trace elements to man, however, nor the general
domain of public health.

Many of the points considered here have already been treated by
Berry and Wallace (1976) and Vaughan et al. (1975) in reviews of the
environmental dynamics of trace elements and possible ecological
impacts of trace metals released by coal combustion. We have drawn
freely from this material and acknowledge the influence of these
reports on much of our thinking. The basic situation examined by
Vaughan et al. was a hypothetical coal-combustion plant rated at
1400 MW, burning a low-sulfur western coal and operating with 95%
recovery of fly ash. The whole sequence of events from emission to
deposition to incorporation into organisms was considered for about
30 elements. Expected concentrations of these elements in soils and
plants after 40 years were estimated. The carefully qualified findings
of Vaughan et al. identified several specific problem areas, but the
general conclusion was that the conventional combustion of coal
"does not seem to present major concerns as regards emission of
trace elements." This conclusion is generally applicable to acute
effects, but the picture insofar as chronic long-term exposures are
concerned is less clear. As pointed out by the National Academy of
Sciences Subcommittee on the Geochemical Environment in Rela-
tion to Health and Disease, "The amounts of trace elements
responsible f o r . . . acute intoxication are, for the most part, well
established, but the biological consequences of continuous exposure
to . . . lesser amounts . . . are largely unknown. This knowledge is
particularly pertinent in dealing with harmful elements such as
arsenic, cadmium, lead a n d . . . with marginally deficient elements



36 TURNER AND STROJAN

such as zinc and chromium" (Hopps, 1974). Furthermore, the
analysis of Vaughan et al. pertained to particulate emissions. Gordon
(1975) reviewed evidence that the "primary gases emitted from
coal-fired plants (sulfur dioxide, nitrogen oxide, and hydrogen
fluoride) can cause both short- and long-term damage to ecosys-
tems."

RELEASES OF TRACE ELEMENTS

Vaughan et al. (1975) estimated that about 4.5 x 10? tonnes of
coal were burned in the United States in 1970, and Klein, Andren,
and Bolton (1975) gave a similar estimate (3.2 x 10 s tonnes).
Bertine and Goldberg (1971) estimated world coal combustion in
1967 to have been about 1.7 x 109 tonnes. The amount of various
trace elements discharged into the atmosphere depends on the
amount and chemical composition of the coal burned and the
efficiencies of emission-control devices. A few elements are vola-
tilized during combustion (e.g., Br, Cl, F, and Mg), and large
fractions (up to 90%) of these elements in coal may be released.
Here, however, we are more concerned with elements that do not
volatilize (or do so only slightly). If the best available emission
controls are used, atmospheric discharges of these elements are
ordinarily a few percent (or less) of coal content (Klein, Andren, and
Bolton, 1975). Major nonvolatile elemental emissions in the United
States (>1000 tonnes/year) include A!, Ca, Fe, K, Mg, Na, and Ti,
with intermediate amounts (100 to 500 tonnes/year) of Ba and Zn.

Table 1 gives actual emission measurements for the Allen Steam
Plant in Memphis (Klein etal., 1975} and from a power plant in
Aiken, S. C. (Horton and Dorsett, 1976) and estimates for a
hypothetical 1400-MW station (Vaughan etal., 1975) and the
Mohave Generating Station in southern Nevada. The estimates for
the Mohave station were based on typical chemical composition of
Black Mesa coal and other average operating conditions (see
Appendix 1). We recognize that such averages ignore what are often
appreciable variations stemming from differences in coal chemistry
and operating standards. The values in Table 1 are not directly
comparable because the plants in question differ in power ratings and
emission controls. For example, the Aiken plant operated for more
than 20 years without its present electrostatic precipitators, and the
data presented are based on the earlier conditions. The Allen Plant
study showed overall precipitator efficiency to range from 96.5 to
99.5% (Klein etal., 1975), and the hypothetical 1400-MW plant was
assumed to recover 95% of fly ash. Table 1 lists only a portion of the
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TABLE 1

ESTIMATED ANNUAL ATMOSPHERIC DISCHARGES (kg)
FROM COAL-BURNING POWER PLANTS*

Element

As
Ba
Cd
Co
Cr
Hg
Mn
Pb
Sb
Sc
Se
V
Zn

Savannah Riverf
power plant

(83 MW)

4,330
5,243

948
2,265

4,396

235
526

3,265

Allen Steam!
Plant

(870 MW)

105
158

11
11

158
53

105
105
105

5
210
210

1,051

Mohave
Generating!

Station
(1580 MW)

136
7,570

< 9
27

145
109
200
327

27
27

927
291
400

Hypothetical^
station

(1400 MW)

1,198
284
120
120

73
233

11,984
2,365

237
237
237

2,365
11,984

*Missing values indicate no available estimates.
tFrom Horton and Dorsett (1976).
±From Klein et al. (1975).
§See Appendix 1 for derivation of estimates.
^ Vaughan et al. (1975).

total roster of emitted elements, emphasizing trace elements emitted
in participates and in relatively large amounts. At present accurate
estimates of trace-element emissions are difficult to formulate, but
such information is clearly essential for studies of trace-element
cycling.

It is of interest to compare amounts of elements discharged into
the atmosphere by coal combustion with natural mobilization caused
by weathering (see, e.g., Bertine and Goldberg 1971; Klein, Andren,
and Bolton, 1975). Bertine and Goldberg, who considered world
totals, estimated weathering mobilization by both river flows and
sedimentation rates; Klein, Andren, and Bolton, who dealt with U. S.
data, computed natural flows from river data only. Table 2 sum-
marizes representative data from both reports for eight elements.
Bertine and Goldberg stated that, "the combustion of fossil fuels
potentially can mobilize many elements into the atmosphere at rates,
in general, less than but comparable to those of flow through natural
waters during the weathering cycle." On the other hand, the
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TABLE 2

ESTIMATED ANNUAL DISCHARGES OF SELECTED
TRACE ELEMENTS FROM COAL COMBUSTION IN THE

UNITED STATES AND THE WORLD AND
RELATIONSHIPS OF EMISSIONS TO ESTIMATED

NATURAL MOBILIZATION RATES BY WEATHERING

Element

As
Co
Cr
Pb
Se
Ti
V
Zn

Estimated annual discharges
to atmosphere, tonnes

United States*

26
5.7

60
54

100$
998

82
454

Worldf

698
698

1,398
3,492

419
69,839

3,492
6,984

Mobilization from natural
weathering (based on

river flows).

United States*

0.4
0.08
0.05
0.5

22.0
0.02
0.1
0.6

,%

Worldf

1.0
9.7
3.9
3.2

10.9
64.8
10.9

1.0

*From Klein, Andren, and Bolton (1975).
tFrom Bertine and Goldberg (1971).
ilneludes some discharge as vapor.

estimates of Klein, Andren, and Bolton generally indicate atmo-
spheric discharges to be small relative to natural flows. Both reports
agree in emphasizing the potential importance of elements volatilized
during combustion, e.g., "Br, Hg and Se appear to add significantly
to natural fluxes of these elements" (Klein, Andrei, and Bolton,
1975). Klein, Andren, and Bolton judged that the amount of mercury
released may be almost one-third the amount mobilized by 'weather-
ing, but Bertine and Goldberg (citing Joensuu, 1971) implied that
mercury releases from coal combustion would far exceed natural
weathering rates.

DEPOSITION

Particulate emissions resulting from coal combustion are dis-
persed into the atmosphere and ultimately deposited on the earth's
surface. Let us touch briefly on atmospheric transport and concen-
trate on the dynamics of materials deposited on soil and vegetation.
Vaughan et al. (1975), using computer simulations to estimate the
fate of particulates emitted from a hypothetical power plant,
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concluded that only about 6% of emitted particulates would be
deposited within a circle of 50-km radius around the power station.
Of the remainder, about half would probably be deposited within
500 km and the other half within 1000 km (Hales, 1976).

With so little of the stack emissions being deposited in the
neighborhood of the power station, we might expect some difficulty
in making direct measurements of coal-derived elemental inputs to
soils and vegetation. For example, Vaughan et al. (1975) estimated
increases in soil concentrations (relative to base-line levels) of 24
elements that might be expected after 40 years of deposition from a
hypothetical power plant in the area of maximal deposition. (Recall
that these authors assumed 95% efficiency of ash recovery.)
Estimated increases over background levels were 2% for Hg; 1% for
Bi; 0.1 to 0.8% for Ge, Cd, Mo, Se, and W; and a few hundredths of a
percent for Ag, As, Ga, Pb, Ni, Sb, Te, Tl, and Zn. Short-term
depositions would, of course, be even less. Nevertheless, some
investigators reported increases in amounts of various elements
attributed to coal-burning power plants in soil r r on vegetation.

Klein and Russell (1973) reported that soils in the vicinity of a
650-MW power plant operating for 9 years in Michigan were enriched
in Ag, Cd, Co, Cr, Cu, Fe, Hg, Ni, Ti, and Zn. Plants collected in the
vicinity of the station were enriched in Cd, Fe, Ni, and Zn.

Connor, Keith, and Anderson (1976) analyzed the concentration
of trace elements in sagebrush samples (Artemisia tridentata) taken
between 0.8 and 54 km east of the Dave Johnston power plant in
Wyoming. The relationships of elemental concentrations to distance
from the station were examined by regression analyses, with the idea
that trace-element enrichments should be expressed as decreases in
concentration with increasing distance from the source. Fifty-seven
elements Were analyzed in sagebrush, and significantly negative
slopes (5% level) were reported for Se, Sr, U, and V. Were the
concentrations of the elements examined statistically independent?
If not, there can be some question as to the significance of finding
four nonzero slopes among an assemblage of 57 elements. Work
along the same lines has indicated a possible buildup of arsenic and
antimony in surface soils downwind from the plant (Anderson,
Keith, and Connor, 1975).

Other studies of trace-element concentrations in soils and
vegetation near coal-burning plants have led to ambiguous or negative
results. Cannon and Anderson (1972) measured trace elements in
soils and vegetation in northwestern New Mexico in 1961—1962
(before the Four Corners Power Plant was constructed) and again in
1971. Because of differences in treatment of soil samples, which
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affected the analytical results, comparisons could not be drawn.
Considering the 1971 samples alone, Cannon and Anderson con-
cluded thof, "Many wind-borne trace elements in the vicinity of the
power plant are presently enriching otherwise deficient soils and
vegetation in essential elements. Except for lead, the potentially
harmful trace elements drop off rapidly with distance, are barely
detectable near the closest habitations, and are lower than the
average for U. S. soils and vegetation at distances greater than 2
miles. The lead content is higher than the U. S. average for 5 miles
westward from the plant."

Bolton et al. (1973) analyzed soil cores taken at 1.6-km intervals
from 32 km south to 32 km north of the Allen Steam Plant in
Memphis, Tenn. Amounts of some elements (e.g., copper and zinc)
were higher than world averages, and some elements showed
localized peaks of abundance. But elemental concentrations did not
decrease significantly with depth, as would be expected if there had
been atmospheric enrichment of surface soils. This seems a useful
test, and one that has not always been made by other investigators
(e.g., Klein and Russell, 1973).

Horton and Dorsett (1976) measured elements in soil and on
vegetation in the vicinity of a coal-burning station in South Carolina
which released an estimated 3.6 x 10 s kg of fly ash between 1952
and 1975. None of the minor and trace elements released in ash
appears to have made major contributions to concentrations of these
elements in soil or vegetation. Calculated contributions of As, Br, Co,
and Sb from fly ash to the soil were judged sufficient to have caused
significant increases, but such buildups were not revealed by
measurements. Leaching appears to have prevented the accumulation
of these elements in the soil. Only concentrations of scandium in dog
fennel (Eupatorium compositifofium) appeared to be related to stack
releases.

Bradford et al. (this volume) analyzed surface and subsurface
samples of soil and leaves of brittiebush (Encelia farinota) within 19
km of the Mohave Generating Station in southern Nevada. Among 22
elements measured in saturation extracts of surface soils, only Ca,
Mg, B, Ba, and Sr showed progressive decreases in concentration with
increased distance south of the power plant. Plant samples showed
similar decreases in a southerly direction for calcium, boron, "trtd
strontium. Table 3 summarizes general findings of all of the studies
cited, with respect to analyses of soil and vegetation.

Although it may be difficult to measure trace elements released
from coal-burning plants directly, it is sometimes possible to analyze
airborne particulates and infer their origin. An example is afforded



TABLE 3

SUMMARY OF FIELD STUDIES OF EFFECTS OF ATMOSPHERIC TRACE-ELEMENT EMISSIONS
FROM COAL-FIRED POWER PLANTS ON SOILS AND VEGETATION

Power station
and on-line date

Savannah R i m Plant,
Aik.n.S.C, 1962

Altai Steam Plant,
MtmphU, T*nn.,
1QA1 *19OX

Consumers Power
Company, Holland,
Mich., 1962

Dart Johnston Plant,
Gl«n Rock, Wyo.,
1958

Four Corners Power
Plant, Farmington,
N. M., 1963

MohaYC Generating
Station, Nevada,
1970

Rating of power
plant, MW

- 8 3

870

650

750

2085

1580

Type of sample

Soils (surface to 7.6 cm),
Eupatorium
eompotitifolium

15-cm soil cons and
mosses

Surface soils ( 0 - 2 cm),
native grasses, maple
leaves, pine needles

Surface soils (0—2.6 cm),
Arltmiiia tridtntata

Top 1.2 cm of soil and
to 15-cm depth,
branches and leaves
ofshrubs

Soils (0—7.5 cm),
Eneelia farinota

Effects on soils

No major contribution
of minor or trace
elemenu in fly ash
to soil

Nothing attributable
to power plant

Enrichment by Ag,
Cd, Co, Cr, Cu, Fe,
Hg,Ni,Ti,andZn

Possible buildup of Sb
and Aa in soils near
station

Lead higher than U.S.
average within 1.6—8 km
of station, most other
elements lower than U. S.
averages at distance
> 2 miles

Decreases in surface
concentrations of B,
Ba, and Sr to the
south, probably a
natural difference
in soils

Effects on vegetation

Possible enrichment
ot Eupatorium
bySc

Nothing attributable
to power plant

Enrichment by Cd,
Fe, Ni.andZn

Significant declines
with distance
from plant in amounts
ofSe.Sr.U.andV;
possibly similar status
for Co, Ti, and Zn

Enrichment between
1961 and 1971,
presumably from
stack effluents;
trace-element contents
of shrubs generally
lower than U. S.

average except tor or
Same pattern of decline

with distance for
B and Sr

Reference

Horton and Dorsett
(1976)

Boltonet .1.(1973)

Klein and Rusaell
(1973)

Anderson, Keith,
and Connor (1975);
Connor, Keith, and
Anderson (1976)

Cannon and Anderson
(1972)

Bradford et t".
(this volume)

8r-

O
a

2j
5
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by air sample analyses taken over the northern Atlantic (Duce,
Hoffman, and Zoller, 1975). Here enrichment factors (EF) relative to
the chemical makeup of the earth's crust were computed for various
elements. Aluminum, which makes up ~8% of average crustal
material, was used as a reference element:

The X/Al terms designate ratios of concentrations of element X to
those of aluminum in air samples and average crustal material. If
sampled particulates are composed of no more than naturally
weathered soil, the values of EF are near unity for ;dl elements. If, on
the other hand, samples contain relatively increased amounts of
various elements (say, from anthropogenic sources), the ratios exceed
one. For example, enrichment factors for 13 elements reported by
Duce, Hoffman, and Zoller (1975) ranged from 0.8 (scandium) to
10,000 (selenium). Ratios for iron and cobalt were near one; for zinc
and copper, ~100; for cadmium, ~700; and for lead, 2200. These
data do not, of course, link the enrichment of samples to a specific
source.

Airborne particulates in the Walker Branch Watershed in Tennes-
see were analyzed with soil cerium as the reference element (Andren,
Lindberg, and Bate, 1975; Lindberg et al., 1975). This work is of
particular interest because an attempt was made to evaluate potential
contributions from nearby coal-burning stations. Enrichment factors
were computed not only for aerosols but also for fly ash from the
Allen Steam Piaiit (Table 4). The aluminum, chromium, and iron in
the aerosol samples were judged to be of natural origin, but the other
elements were enriched from various anthropogenic sources. Andren,
Lindberg, and Bate, concluded that the arsenic, copper, and zinc may
have come from the coal-burning plants, but the lead was most likely
derived from automobile emissions. The enormous enrichment of
cadmium in the aerosol samples was not explained, but a combina-
tion of sources was suggested.

Another way in which samples can be analyzed to identify the
origin of particular elements is by comparing isotopic ratios, e.g., the
ratio of 2 0 6 Pb to 2 0 4 Pb. Rabinowite and Wetherill (1972) at-
tempted to determine ihe source of lead causing deaths of horses
pastured near a lead smelter in northern California. The 206Pb-to-
2 0 4 Pb ratio in smelter emissions was 17.3 and in tissues of dead
horses was 17.7. This suggested that another source of the lead in
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TABLE 4

ENRICHMENT FACTORS FOR EIGHT ELEMENTS
IN AEROSOLS AND FLY ASH*

Element

Al
As
Cd

Cr
Cu
Fe
Pb
Zn

Enrichment fsctorsf

Aerosol

1.9
35

402

2.0
14

1.2
485

7.2

Fly ash

0.9
57
30

4.5
35

2.9
18

9.2

Apparent source*

Natural
Coal-burning plant
Anthropogenic, but

unexplained
Natural
Coal-burning plant
Natural
Gasoline
Coal-burning plant

•Factors were computed with respect to soil concentration*
of cerium.

tFrom Lindberg et al. (1975).

hcrses might be involved. After finding that the 206Pb-to-204Pb
ratio in automotive emissions in this area was 18.0, Rabinowitz and
WetheriU concluded that the lend in horses came from both sources.
If isotopic ratios in coal were known, it might be possible to analyze
environmental samples from the vicinity of coal-burning stations in
this manner.

SOIL

Except for materials lost by water and wind erosion, the soils of
a terrestrial ecosystem represent the ultimate repository for all
introduced trace elements. Elements are cycled through living
organisms, but these transfers represent only transient departures
from the soil. Thus we might expect any ecological effects of trace
elements to be expressed first in the soil—decomposer compartments
of ecosystems. Tyler (1972) suggested that an accumulation of heavy
metals in soils might adversely affect decomposers and slow the rate
of litter decomposition and mineral cycling. Such effects have indeed
been observed in areas contaminated by smelter emissions (Strojan,
1975; Watson etal., 1976). It is questionable, however, whether the
much lower releases of trace elements from coal-fired power plants
could have such deleterious consequences. Since Bonn (1972) and
Vaughan etal. (1975) give good general discussions of soil factors
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influencing movements and availability of trace elements in soil, we
will not review these points.

According to Van Hook et al. (1974) elements essential to life
are conserved and recycled in ecosystems and comparable mecha-
nisms act to bring about the accumulation of trace elements as well.
Andren, Lindberg, and Bate (1975) showed that some trace elements
were well retained within the Walker Branch Watershed over a
6-month study. For exan t-j, over 95% of all lead and cadmium
estimated to have entered the watershed was apparently retained.
Other estimates were ~83% for copper and 74% for zinc. Work in the
vicinity of smelters also illustrates the soil's retention of aerially
deposited trace elements. For example, Buchauer (1973) reported
that, in highly contaminated soils near a zinc smelter, about 85 to
95% of total zinc and 95% of total cadmium were in the top 15 cm
of the soil profile.

Using data of Van Hook et al. (1974), Andren, Lindberg, and
Bate (1975) estimated initial standing pools of cadmium, lead, and
zinc in the Walker Branch Watershed to be 1.1, 78, and 120 kg/ha,
respectively, on the basis of a 75-cm soil profile and a bulk density of
1.2 g/cc. It was judged that amounts of these elements increased
somewhat during the study because of the retentions discussed.

We can make approximate comparisons of soii standing pools of
trace elements in the vicinity of the Mohave Generating Station in
southern Nevada, on the basis of chemical analyses of surface soils (0
to 2 cm) and measurements of bulk densities of surface (1.5 g/cc)
and subsurface (1.4 g/cc) soils. We will use the higher bulk density
for the top 5 cm of soil and the lower density for depths of 5 to 75
cm. Concentrations of six metals in extracts made with hot 42V
HNO3 were determined by atomic absorption spectrophotometry
(Table 5). The mean concentrations given are based on three samples
taken at sites 1.6 km north, east, and south of the Mohave station.
Metal concentrations can be combined with soil bulk-density
measurements to estimate elemental storages in the upper 75 cm of
the soil profile (Table 5). Our estimates for zinc and lead are
somewhat higher than those derived for soils in the Walker Branch
Watershed, but, given all possible sources of error, it seems preferable
to emphasize the general similarity of the pools of these elements
rather than possible differences. Data from just three sites do not
embrace the total range of variability occurring in the environs of the
Mohave Station..Also, we may have erred by applying surface-soil
concentrations to the whole 75-cm soil profile. Bradford etal. (this
volume), analyzing saturation extracts of elements from surface (0 to
2 cm) and subsurface (2 to 15 cm) soils near the station, showed that
surface concentrations usually exceeded those in subsurface soils.
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TABLES

ESTIMATED MEAN CONCENTRATIONS AND
STANDING POOLS OF SIX TRACE ELEMENTS IN DESERT

SOILS NFAR THE MOHAVE GENERATING STATION
IN SOUTHERN NEVADA

Element

Co
Cr
Cu
Ni
Pb
Zn

Mean concentration
(± standard error), jug/g

5.6 ±0.2
4.7 ± 0.5
6.2 + 0.7
3.3 ± 0.2

11.7+0.9
33.6 ±4.8

Estimated
standing pool,

kg/ha

59
50
65
35

123
354

VEGETATION

Aside from the soil, the largest storage of trace elements occurs
in standing crops of vegetation. Elements are present within both
standing live and dead material and also adhere to external surfaces.
A number of processes impinge on the vegetation compartment, e.g.,
aerial deposition on external surfaces, uptake of externally deposited
materials by leaf and stem surfaces, root uptake and translocation,
adsorption to root surfaces, external deposition by resuspended dust,
litter fall, and consumption. We do not discuss these processes in
detail but simply illustrate the steps involved in estimating compart-
ment storages for two trace elements. For this purpose we selected
boron arid lead. According to Berry and Wallace (1976), "boron is
certain to present soil—plant problems whenever coal ash is applied
to soil." We selected lead also because we wanted to compare the
standing pool of this element in vegetation of a desert site with that
estimated for an eastern forest community (Van Hook etal. 1974;
Andren, Lindberg, and Bate, 1975).

Our data are drawn from a desert shrub community near the
Mohave Generating Station in southern Nevada. The specific locale
was described as Site 6 by Turner et al. (1975). Biomass estimates are
available for aboveground portions of shrubs, but biomass of roots is
not presently known. The most important perennial species occupy-
ing this site were bur sage (Ambrosia dumoaa), creosote bush (Lama
tridentdta), indigobush (Dalea fremontii), catclaw (Acacia greggii),
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burrobrush (Hymenoclea salsola), and white ratany (Krameria grayi).
These six species accounted for about 82% of the total estimated
shrub density (Turner et ah, 1975).

Aboveground portions of from 9 to 18 individuals of each of
these species were collected, oven-dried, and separated into live
stems, dead stems, and leaves. Average dry-weight compositions of
shrubs were estimated from these measurements. We found that
appreciable proportions of the standing biomass of shrubs were
composed of dead material, e.g., from around 42 to 56% in Acacia,
Ambrosia, Hymenoclea, Krameria, and Larrea. Only Dalea fremontii,
with 81% living stem tissue, differed from this general pattern.
Combining the dry-weight composition data with density estimates
gave the biomass estimates in Table 6.

To determine concentrations of boron and lead in various
shrub tissues, we oven-dried and ground the materials, weighed
out from 5 to 10 mg of ground samples, and analyzed them by
optical emission spectroscopy. Lower limits of reliable detection for
10-mg samples were 0.2 jug/g for boron and 1.0 /ig/g for lead.
Amounts of boron were rarely less than 5 jifg/g, but an appreciable
number of samples lacked lead in detectable quantities—particularly
leaf samples. Leaves of Acacia and Larrea were collected in
November and December 1975, and leaves of the other four species
were collected in May 1976. Lead was apparently more prevalent in
the Larrea and Acacia leaves than in those of the other four species
{which were almost entirely lacking in lead at detectable concentra-
t ,--.•). Whether this represents differences among species, a seasonal
<.•:—.•-, or an analytical problem has not been resolved. Samples of

.-.;• of all species and of leaves of Acacia and Larrea with lead
'•:••;• •••'.u-ations <1 pg/g were arbitrarily assigned values of 0.7 fig/g
following Erdman and Gcugh (1975). Table 6 gives estimates of
gt'omuiric mean concentrations of boron and lead in various shrub
tissues, as well as estimated standard errors. The amount of lead
measured in dead stems of Acacia was unusually high in relation to
that in stems of other shrubs in the same area. The values were borne
out by repeated spectrographic analyses of our samples, but the
possibility remains that the samples themselves were atypical. The
data were combined to estimate storages of boron and lead in
aboveground standing crops of the six shrub populations during the
spring of 1976 (Table 6).

Standing pools of cadmium (25 g/ha), lead (341 g/ha), and one
(1102 g/ha) in living vegetation of the Walker Branch Watershed in
Tennessee were estimated in a similar manner (Van Hook etal.,
1974; Andren, Lindberg, and Bate, 1975). The Tennessee study



TABLE 6

ESTIMATED SHRUB DENSITIES, DRY-WEIGHT BIOMASS, AND GEOMETRIC
MEAN CONCENTRATIONS AND STANDING POOLS OP BORON AND LEAD IN
ABOVEGROUND VEGETATION NEAR THE MOHAVE GENERATING STATION

Species ind
plant put

Acacia greggii
Live item
Dead item
Leaves

Ambrosia dumota
Live item
Dead stem
Leaves

Dalea fremontii
Live stem
Dead stem
Leaves

Hymenoclea salsoh
Live stem
Dead stem
Leaves

Krameria groyi
Live stem
Dead stem
Leaves

Larrca tridentata
Live stem
Dead stem
Leaves

Density,
number/ha

109

830

117

199

20

288

Dry-weight
biomass,

k(/ha

118.8
97.0

7.6

257.3
332.0

33.2

158.0
36.3
19.9

97.5
79.6
25.9

1.8
2.4
0.2

332.6
288.0

14.4

N*

10
10
10

10
10

5

11
11

5

11
12

5

10
10

5

10
9

10

Geometric mean
concentration (± stan-

dard error), fijfg

B

17.5 ± 0.7
7.1 ± 0.9
75 ± 7.5

13.1 ± 0.9
12.7 + 0.8
100 ± 23.6

9.9 ± 0.6
10.6 ± 0.7

28 ± 2.1

18.8 ± 2.1
12.2 ± 0.8
107 ± 7.7

12.5 ± 0.5
8.7 ± 0.6
25 ± 2.9

10.0 ± 1.1
11.1 ± 0.7

71 ± 5.6

Pb

3.4 ± 1.1
32.1 ± 5.9

2.2 ± 0.6

2.1 ± 0.7
2.1 ± 0.7

t
1.0 i C.2
6.4 ± 2.2

t

2.3 ± 0.8
1.1 ± 0.3

t

1.6 ± 0.5
3.2 ± 1.4

t

3.6 1 0.6
9.2 ± 3.3
3.9 ± 1.5

Estimated above-
ground standing

pools, g/ha

B Pb

3.3 3.5

10.9 1.2

2.5 0.4

5.6 0.3

0.05 0.01

7.4 3.9

•Number of samples.
fPresent below limit of reliable measurement.
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included estimates of these elements in roots, but we do not have
root data for the desert site. We assumed a live root-to-live shoot
ratio of 0 .82:1 for the desert area (Wallace, Bamberg, and Cha,
1974), but we do not know the amount of lead in (or adsorbed on)
roots. Concentrations of lead in roots generally exceeded those in
twigs and stems of Tennessee trees (Van Hook etal., 1974). To
permit a rough comparison of the desert and forest communities, we
estimated a range of lead stored in live desert vegetation, assuming
that root concentrations are (1) the same as those of shoots or (2)
twice those of shoots. Our estimate of live standing crop for the
Mohave Desert site is 1740 kg/ha; that of the Walker Branch
Watershed is ~157,000 kg/ha (Andren, Lindberg, and Bate, 1975).
The estimated standing pool of lead is about 5 to 7 g/ha for the
Mohave site and ~341 g/ha for the Tennessee watershed. There must
also be some lead in leaves of desert shrubs and in annual plants not
represented in the estimated range of 5 to 7 g/ha, but these
contributions are relatively small.

EXPORTS

Trace elements are permanently lost from ecosystems by surface
runoff, either in solution or as part of suspended sediments. Losses
from subsurface drainage are usually small in relation to surface
drainage. Analyses of runoff from the Walker Branch Watershed in
Tennessee showed that export of trace elements in solution was
simply a function of total discharge, i.e., the more runoff the more
loss. High proportions (>80%) of the Cd, Cu, Pb, and Zn lost from
this watershed were in solution, but almost all the nickel was
associated with suspended sediments. Significant amounts of chro-
mium and manganese were also in suspension (Andren, Lindberg, and
Bate, 1975). Total discharge for 6 months from the 97.5-ha
watershed was about 7800 m3/ha. Over the same period, loss of
suspended sediments was estimated to be about 40 kg/ha. Compa-
rable values for the undisturbed forest at Hubbard Brook (5-year
annual averages) were about 7160 m3 /ha for total discharge and 25
kg/ha for suspended sediments (Bormann et al., 1974).

For dry basins in the southwest, the picture is markedly
different. For example, annual runoff from drainage basins with low
rainfall (12.5 to 25 cm annually) has been estimated at around 1280
m3 /ha, and, assuming 1 mg of sediment per milliliter of runoff, the
total discharge of sediments is 1280 kg/ha (Vaughan etal., 1975,
p. 30). Table 7 summarizes these data, together with estimates for an
extremely arid basin with less than 12.5 cm of annual rainfall



TABLE 7

COMPARISON OF MEAN ANNUAL PRECIPITATION AND RUNOFF AND
ESTIMATED LOSS OF SEDIMENTS FOR FOUR COMMUNITIES

Community

Hubbard Brook,
New Hampsh'e

Walker Branch
Watenhed,
TenneMee

Low rainfall
deiert

Very dry deiert

Mean annual
precipitation,

cm

123

130

12.5-25

<12.5

Annual runoff,
m3/ha

7,160

15,600

1,280

220

'. Ettimated annual
IOM of wdiment
in runoff, kg/ha

25

80

1,280

66

Reference

Bormann et al.
(1974)

Andren, Lindberg,
and Bate (1975)

Vaughan et al.
(1975)

Vaughan et al.
(1975)

8

E



50 TURNER AND STROJAN

(Vaughan et al., 1975). Although runoff from arid sites is probably
highly variable from one locality to another, we believe the estimates
in Table 7 are more reasonable than the assumption that all
precipitation is lost by evapotranspiration (Reichle, 1975). The
contrast between the eastern deciduous forest systems and arid
environments is striking. Although runoff in dry areas is low, the
runoff waters are rich in suspended materials in relation to those of
the more vegetated eastern areas. Clear cutting and repression of
growth in an experimental watershed at Hubbard Brook increased
annual particulate losses to 380 kg/ha (Bormann et al., 1974). If the
average soil particle burden for low rainfall areas is indeed 1 mg/m3,
the capacity for runoff is remarkably high. Such an area could lose
relatively large amounts of exogenously introduced materials each
year. As pointed out previously, the Walker Branch Watershed was
highly efficient at retaining cadmium, copper, and lead (>80% of
estimated inputs). To what extent this may be true in desert
environments is less clear. Here there is no well-developed vegetation
canopy or litter layer, and roots are relatively sparse in the upper
layers of the soil.

In desert areas surface particles are often suspended and
resuspended in the air because of winds. For example, a dust-devil
source region of 285 km2 has been estimated to provide an average
seasonal vertical dust transport of over 7000 tons of surface particles
(Sinclair, 1966; 1973). To what extent winds may cause net losses
(or gains) of trace elements from desert environments is less clear.
Studies in radioactively contaminated desert areas have shown that
long-term decreases of concentrations of suspended radionuclides are
caused not by an appreciable net loss of radionuclides from the area
but by a weathering process whereby the contaminant becomes less
mobile (Olafson and Larson, 1931; Anspaugh etal., 1975). For
ecological modeling purposes it may be reasonable to assume that,
whereas winds cause short-term relocations of surface materials, the
net effect of such action is relatively slight.

DISCUSSION

The hypothetical analysis of Vaughan et al. (1975), which
adopted consistently conservative assumptions, indicated that atmo-
spheric releases of trace elements by conventional coal combustion
do not present major acute ecological problems. Work in the Walker
Branch Watershed (in the vicinity of three coal-burning plants)
suggested a similar conclusion (Lindberg et al., 1975). However, both
reports emphasized problems associated with elements volatilized



COAL COMBUSTION 51

during combustion (particularly mercury) and not effectively
trapped by emissions controls. Another aspect of trace-element
emission by coal combustion is the continued release of materials
over the 30- to 40-year life-span of power plants. We know little of
how such emissions are dispersed and where they may accumulate.
Finally, we must also recognize that the conclusions of Vaughan
et al. (1975) were based on an analysis of one 1400-MW power plant.
As more and bigger power plants are constructed, more areas will be
exposed to emissions from multiple sources. For example, there are
presently nine coal-burning power plants in the southwestern deserts
of the United States, three with capacities exceeding 1500 MW. At
least five additional stations are proposed for this area—including
three with prospective capacities of more than 2000 MW (Miller,
1976; Department of Interior, 1976).

Hence our attitudes concerning trace-element emissions from
fossil fuels and our capacity for forecasting future deposition rates
and the entrainment of toxic elements into natural food chains must
be flexible. A good approach to this problem is the Unified
Transport Model being developed at Oak Ridge National Laboratory
(Van Hook and Shults, 1976). Given appropriate source-term data, a
validated model of this type would be able to predict environmental
concentrations and flux rates for various trace elements as a function
of time. This approach would also supplement, or possibly supplant,
long-term field studies designed to assess the impact of low-level
chronic emissions.

The organization of our study was based on the compartment-
modeling approach although we did not discuss all compartments
and gave little attention to transfer rates among compartments. We
did consider overall inputs and exports and storages in the major
compartments of soil and vegetation. Because of our particular
interest in relationships between coal-burning power plants in desert
areas and their associated environments, we attempted to contrast
such situations with those in more mesic areas in the eastern United
States. A number of simple distinctions, almost all deriving from
differences in rainfall, can be inferred.

Andren, Lindberg, and Bate (1975) pointed out that airborne
particulates may be removed from the atmosphere by wet deposi-
tion, sedimentation, and impaction. For particles of the size
measured in the Walker Branch Watershed, sedimentation was judged
to be an unimportant removal mechanism. Lindberg et al. (1975)
concluded that in this watershed dry deposition (which could only
be estimated indirectly) was about the same order of magnitude as
wet deposition in rainwater. S; seems likely that dry fall would

• i • •
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assume greater relative importance in desert areas and that overall
deposition rates would be lower (though the location of the power
plant with respect to surrounding terrain would also be an important
factor). The computer simulation of Vaughan etal. (1975), which
led to predicted deposition of 6% of stack emissions within a circle
of 50-km radius, was based on meteorological data from St. Louis,
Mo. Again, it seems likely that, because of lower rainfall, localized
deposition within 50 km of desert power stations would be even less.

We made approximate comparisons of amounts of lead and zinc
in desert soils near the Mohave Generating Station and in soils in the
Walker Branch Watershed and suggested that the two soil profiles
contained similar amounts of these two metals. We also showed that
the amount of lead present in desert vegetation is only a small
proportion (~2%) of that reported for a Tennessee forest. This
follows simply from the enormous difference in live biomass of
plants in the two communities. Thus, soil-to-vegetation storage ratios
in desert communities will be much higher than in mesic forests (if
further work supports the notion that soil trace-element concentra-
tions in the two environments are indeed similar). This does not
necessarily imply a higher relative soil availability of trace elements
to desert vegetation; alkaline desert soils notably reduce rates of
uptake of many metals.

Wagner (1977) pointed out that, when precipitation data from
deserts (~130 mm annual precipitation) are compared with those
from grasslands (~500 mm) and deciduous forests (~1300 mm), the
coefficient of variation is highest (~30%) for the desert environments
(i.e., there is more relative year-to-year variability in rainfall). Wagner
also showed that in deserts net annual aboveground primary
production varied more widely over the range of existing conditions
than did net production in grasslands and forosts. For example, in
southern Nevada annual net production of perennials ranged from
144 to 573 kg/ha over a 5-year period, and net production by annual
plants ranged from as low as 3—5 to 674 kg/ha. In dry environments
great variability in year-to-year amounts of trace elements mobilized
in new plant growth can be expected.

Another possible difference between desert and forest com-
munities is the rate at which dead plant material is broken down and
constituent elements are recycled. We might expect, simply on the
basis of general environmental differences, that plant decomposition
in deserts would be slower than in mesic forests. Meentemeyer (this
volume) analyzed the relationship between rates of decomposition
and actual evapotranspiration (AET) in 24 communities. Decomposi-
tion rates ware clearly positively correlated with AET, and Me-
entemeyer's model predicted annual decomposition rates of only
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about 17% in areas with AET of 100 mm (typical of much of the
southern Great Basin and Mohave Desert). However, field experi-
ments in northern deserts of Washington and Nevada (Mack, 1971;
Comanor and Prusso, 1974) showed first-year decomposition rates of
Artemisia tridentata leaves to be around 50%—faster than in many
deciduous forests. It is presently unknown whether such high
turnover rates are also characteristic of drier southern deserts.

It appears likely that many desert ecosystems are unable to retain
exogenous inputs as effectively as mesic communities, probably
because of the sparse vegetation and absence of well-developed
organic and litter layers in the drier environments.. In watersheds
draining into rivers, this attribute would counteract tendencies of
deleterious elements to accumulate. Other areas drain to closed
basins or playas, where significant accumulations of some elements
might occur with time.

Many of the points touched on follow from a definition of
deserts as "water controlled ecosystems with infrequent... and
largely unpredictable water inputs" (Noy-Meir, 1973). Noy-Meir
described the "pulse and reserve" model of desert function, in which
each pulse of energy (and materials) is diverted into reserves, which
are then essentially inert during periods of no growth. In relation to
patterns of elemental flows in mesic environments, material fluxes in
deserts would be variable, often erratic, and certainly subject to
periods of immobilization—either in dead vegetation or the soil.

SUMMARY

Atmospheric discharge of trace elements during coal combustion
is generally much less than natural flows owing to weathering. This
may not be true, however, for elements such as mercury, bromine,
and fluorine, which are almost completely volatilized during combus-
tion. It is difficult to measure directly deposition of trace elements
on soils and vegetation in the vicinity of coal-fired power plants.
Inverse relationships between trace-element concentrations in soil
and vegetation and distance from power plants have been shown for
some elements, however.

Pronounced contrasts exist in storages and dynamics of trace
elements in desert and deciduous forest communities. Elemental
ratios for soil—vegetation standing pools are greater in deserts
because of the low phytomass in arid environments. Other contrasts
stem from differences in rainfall in the two community types, e.g.,
amount of year-to-year variability in net primary production and
amounts of trace elements mobilized in new plant tissues, relative
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degree of retention of deposited materials in the soil, and rates of
return of elements to the soil by decomposition.
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APPENDIX 1

According to Boulding (1976), the amount of a given trace*
element produced by a coal-fired power plant in 1 year can be]
estimated by •
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„ 8.76EckhrL
E T"-

where Ep = amount produced in 1 year (tons)
Ec = concentration of element in coal (fig/g)

k = plant capacity (MW)
hr = heat rate of power plant (BTU/kw-hr)
L = plant load factor (decimal percentage)

h c = heat content of coal (BTU/ton)

Estimates of these parameters for Southern California Edison's
Mohave Generating Station are

Ec = average concentration of each element in 16 Black Mesa
coal samples (Department of Interior, 1975)

k = 1580 megawatts (Miller, 1976)
hr = 10,890 BTU/kw-hr (Department of Interior, 1975)
L = 0.65 (Miller, 1976)

h c = 22 x 106 BTU/ton (Senate of the United States, 1972)

From this we can estimate that the amount of the ith element
produced by the Mohave station, Ep., is 4.45ECj.

The amount of each element actually discharged into the
atmosphere depends on the emission controls in use. The Mohave
station employs electrostatic precipitators but no scrubbers.
Precipitatqr efficiency for removal of individual elements will vary
because of selective partitioning of elements among the bottom ash,
fly ash, and flue gas (Klein et al., 1975). To estimate discharges of
selected trace elements from the Mohave Generating Station, we
multiplied the various production estimates shown in the text table
(Ep) by emission fractions based on the data of Klein, Andren, and
Bolton (1975) from a study at the Allen plant in Memphis
(precipitator efficiency, 99.53%). We do not know that this efficiency
estimate is applicable to the Mohave station.

i
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Element

As
Ba
Be
Cd
Co
Cr
Hg
Mn
Pb
Sb
Sc
Se
V
Zn

Ec,fitlg

2
328

0.4
<0.1

1.2
3.4
0.03
9.6
2.3
0.3
1.2
1.6
8
5.4

E P
(converted to tonnes)

8.1
1328

1.6
<0.4

4.8
13.7
0.12

38.7
9.3
1.2
4.9
6.5

32.3
21.8

Fractional
emission

0.0166
0.0057
0.0030
0.028
0.0062
0.0105
0.890
0.0051
0.0349
0.0206
0.0047
0.1429
0.009
0.0183

Estimated*
annual discharges

to atmosphere,
• f

136
7570

5
< 9
27

145
109
200
327

27
27

927
291
400

•Data for Table 1.
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ABSTRACT

In discussions of mineral cycling in ecosystems, it becomes clear that the most
information available is on standing crops or state variables, less on paths of
transfer, and least on controls on the rates of flow. Uncertainties in practical or
theoretical problems about mineral cycling are couched in terms of lack of
knowledge about these controls. Two simple models of nutrient flow are used to
illustrate that the equilibrium states of the systems are least sensitive to initial
conditions of the state variables and most sensitive to ccntrols on the flows
between state variables. Although inventory studies are more economical on a
short-term basis, data collected without adequate consideration of controlling
variables maty be useless. Information on controls of flow is necessary if the goal
is to describe system dynamics to explain changes in the system through time
and space.

The objective of this paper is to discuss two general observations.
1. When we attempt to formulate a general theory of mineral

cycling in ecosystems, we find that we know a lot about where
minerals are and how much is there, less about paths of transfer of
the minerals from compartment to compartment in the ecosystem,
and little about what controls transfers.

2. When we respond to practical and theoretical problems about
mineral cycling, the uncertainties of predictions are caused largely by
uncertainty in understanding the controls of the transfers, less by
uncertainty in understanding the paths of transfer, and least by
uncertainty in knowing where the material is located and how much
material is there.. . .
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These observations, discussed from the viewpoint of tundra, grass-
land, and coniferous forest biomass, should convey some insight into
the state of the art of environmental or ecosystem prediction and the
research directions necessary to improve the general understanding of
the dynamics of mineral cycling.

My specific objective is to discuss and evaluate findings in a
general sense and with reference to research in the arctic tundra. The
two models presented provide a focus for discussion rather than
describing all the details of the tundra ecosystem. Both models rest
on a foundation of data and observations collected in various field
studies.

SOME GENERAL CONCEPTS

A model is defined here as any conceptual representation of the
world. The model may or may not be mathematized or computer-
ized. Although my stated hypotheses and some of my presentations
may be couched in the jargon of systems thinking, the concepts
represented are part of every scientist's thought process when he is
analyzing a problem and synthesizing a conclusion or new hypothe-
sis.

When undertaking a study of mineral rv-.^.ng. the investigator is
confronted with an enormous number 01 variables that define or
affect the system of interest. He chooses to ignore variables he
cannot or does not wish to measure, to hold extraneous variables
constant and vary the ones of interest, or to become a member of a
team that can measure more of the influential variables. Variables
chosen to define the system become the state variables of the model.

A common sequence in mathematical modeling in the field of
ecology involves, first, defining the state variables: second, defining
the paths by which energy and matter are transferred among state
variables; third, defining cr describing the rates of flow along these
paths; and, fourth, identifying the factors controlling these rates of
flow and the form of their control. The mathematical model is
implemented by defining the initial conditions of state variables,
calculating the rates and quantities of material transferred through
some time interval, summing the quantities and values of state
variables to obtain new values for them, recalculating the rates of
flow, and so on. The uncertainty in the prediction will depend on
sensitivity to changes in initial conditions or in coefficients multi-
plied by the uncertainty associated with the estimate of initial
conditions or coefficients. Sensitivity is expressed as the change in
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the prediction divided by the change in the initial condition or
coefficient.

Field measurements of state variables or inventory data
enter into the modeling scheme in two ways. First, they define the
initial values of state variables, and, second, they validate model
predictions of the values of state variables over time. Thus the need
for inventory data decreases when we want to describe the dynamics
of the system rather than simply to describe the system. If we are
interested solely in describing the amounts of minerals present in
different parts of the ecosystem over time, with no interest in the
mechanisms involved or in the generality of the conclusions, taking
inventory data from the field seems to be the most direct approach.
But if we are interested in describing the dynamics or mechanisms of
fallout distribution, e.g., to explain the changes in distribution in
different parts of the ecosystem with time and perhaps to attain a
level of greater generality, initial emphasis must be placed on process
studies. Process studies should be initiated as soon as state variables
and flows are identified to clarify the system being studied and the
influential variables within it. The chances are that inventory data,
collected without knowledge of the model they may validate, cannot
be used for validation because the required supporting measurements
of other influencing variables have not been made.

When we shift emphasis from inventory to processes, we find
that many more studies may be required to define processes than to
complete an inventory. A simple model with four state variables may
have 12 paths of transfer between state variables and four transfers
to the environment. As the number of state variables increases, the
number of transfers can increase by the square of the number of
variables. If each path of transfer is influenced by three controlling
variables (e.g., temperature, moisture, and carbon-to-nitrogen ratio),
then each path must involve three different experiments. If the
influences are not linear, at least three parameters must be estimated
for each control. Thus the simple model with four state variables
may involve 16 transfers and 48 experiments to define 48 controls
with 144 parameters. Fortunately, only about one-fourth to one-
third of the possible transfers among state variables are usually
important; the others can be ignored. Most ecosystem models and
research projects developed in the past included more than four state
variables, however. The increased number of state variables made it
necessary to emphasize measuring state variables rather than defining
controls.

In an ecosystem study we would expect to find that the number
ok projects focusing on inventories, processes, or controls increases in
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that sequence because the number of possible measurements in-
creases in that sequence. A subjective classification of research
projects in the tundra indicates the opposite. In the Cape Thompson
project, six inventory, two process, and no control studies were
made, and 42 inventory, 23 process, and no control projects resulted
from the U. S. International Biological Program, Tundra Biome
studies. Many of the process studies were concerned with controls,
however. The exact numbers in each category can be disputed, but
the conclusion is clear: The emphasis has been on describing state
variables rather than on developing and extending our understanding
of how the state variables came to be.

A given set of initial values for state variables and time courses
influencing the variables should generate a repeatable set of values
for state variables at equilibrium. The initial values can often be
varied over a fairly wide range, and the system will still converge to a
similar set of equilibrium values. Thus the equilibrium state is
independent of the initial state over a range of initial values, and the
initial state influences the system only in the early stages. Processes,
on the other hand, influence the system in each time increment. For
example, in a 50-year simulation of ecosystem development, the
influence of initial conditions is apparent for several years, but the
influence of processes is apparent throughout the 50-year period.
Thus processes have more influence on the final result than do
original estimates of state variables.

THE U CHEN-CARIBOU-ESKIMO FOOD CHAIN

The lichen—caribou—Eskimo food chain is one of the shortest
food chains that includes man and has beei studied with regard to
the transfer of ' 3 7 Cs from fallout to man (Eberhardt and Hanson,
1969). I will use the model of Eberhardt and Hanson to illustrate
some aspects of the two observations stated at the beginning of this
paper. Their model includes three state variables (1 3 7Cs on lichens,
in caribou, and in Eskimos) and six transfers defined by ten
parameters (Fig. 1). Cesium movement from source to lichens in
fallout is defined by a coefficient and the amount of cesium in the
source. The transfer of cesium from lichens to caribou depends on
the season; the caribou's winter diet is lichens, and their summer diet
is ~10% lichens and the rest green plant material. Cesium is ingested
by caribou only from lichens. The migration of caribou from winter
to summer range is assumed to occur on June 1 arid the migration to
winter range on October 15. The transfer ul cesium from lichen to
caribou also depends on a coefficient for the conversion of lichen
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DECAY LOSS LOSS

H CARIBOU FT I ' ESKIMO

Fig. 1 Diagram of state variables and transfer of cesium simulated
in the lichen—caribou—Eskimo food-chain model. [Based on the
model of Eberhardt and Hanson (1969).]

biomass to caribou muscle mass. Caribou lose cesium through
radioactive decay and by excretion. The transfer of cesium from
caribou muscle to Eskimos also involves timing and a conversion
factor. Eskimos harvest caribou on June 1 and October 15. The
Eskimos also lose cesium by decay and excretion. A simulation
model based on these equations and parameters (Eberhardt and
Hanson, 1969) produced the results given here.

The uncertainty in predicting cesium levels in lichens, caribou,
and Eskimos, which results from uncertainty in the values for initial
conditions, was ascertained in simulations. In the simulations the
system reached a steady state relative to the cesium being deposited
on the lichens in 4 years. Changes of ±20% in the initial cesium
contents of the source produced, after 4 years of simulation,
variations of ±14% in all three components of the food chain.
Changes in the initial cesium level on lichens produced less variation,
and changes in the initial cesium content of caribou and Eskimo had
no effect (Table 1). Although the final effect of each change is the
same on all compartments, the short-term effects differ (Table 2).
For example, in the first year simulated, the ±20% variation in initial
cesium content in the source, lichens, caribou, and Eskimos caused
variations in cesium levels of 0, ±0.02, ±9, and ±11%, respectively.

Changes in coefficients defining the transfers also affect cesium
levels in the state variables. After 4 years of simulation, alterations of
±20% in these coefficients resulted in changes of 3 to 27% in the
body burden of Eskimos. Changes in the rate of decay of cesium on
lichens had little effect on the final levels of any variable. Changes of
±20% in the coefficient for converting lichens to caribou muscle or
caribou to Eskimo tissue each produced ±20% variations in Eskimo
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TABLE 1

EFFECT OF CHANGES OF ±20% IN VARIABLES AND
COEFFICIENTS ON CESIUM LEVELS IN LICHENS,

CARIBOU, AND ESKIMO*

Model parameters

Initial cesium level
Source
Lichens
Caribou
Eskimo

Coefficient
Fallout onto lichen
Loss from lichen
Conversion, lichen to caribou
Loss from caribou
Conversion, caribou to Eskimo
Loss from Eskimo
Timing of caribou diet

Lichen

±14
±6
±0
±0

±11-15
±3-4

0
0
0
0
0

Caribou

±14
±6
±0
±0

±11—14
±3
±20
±27—43

0
0

±1

Eskimo

±14
±6
±0
±0

±10-13
±3
±20
±18—27
±20
±11-15
±18-48

•Changes predicted after 4-year simulations and expressed as
percentage change from standard case.

TABLE 2

EFFECT OF CHANGES OF ±20% IN VARIABLES AND
COEFFICIENTS ON CESIUM LEVELS IN ESKIMOS

OVER TIME*

Model parameters

Initial cesium levels
Source
Lichens
Caribou
Eskimo

Coefficient
Fallout onto lichen
Loss from lichen
Conversion, lichen to caribou
Loss from caribou
Conversion, caribou to Eskimo
Loss from Eskimo

Number of months after fallout begins

1.5

0
±0.02
±9
±11

±0.02
±0.2
±9
±7-8

13.5

±11
±8
±0.9
±0.2

±19
±15-22
±20
±9-12

25.5

±14
±6
±0.02
±0.01

±20
±17—26
±20
±10-14

37.5

±14
±6

0
0

±10—13
±3
±20
±18-27
±20
±11—15

•Changes expressed as percentage change from standard
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body burdens. Variations of 20% in the loss of cesium from caribou
produced a greater change in the Eskimo body burden than did the
equivalent change in the loss rate from the Eskimos themselves. After
the first year simulated, the effects of a 20% change in the
coefficient converting lichens to caribou and in the loss of cesium
from caribou caused a change in Eskimo body burdens of less than
1%, but a 20% variation in the conversion of caribou muscle to
Eskimo tissue and in the loss from Eskimo tissue caused a 7 to 9%
change in Eskimo body burden. The largest variation in Eskimo body
burden was caused by changing the timing of the onset of the
caribou's winter and summer diets in relation to the harvesting of
caribou by Eskimos. When these dates were varied ±20%, the Eskimo
body burden changed +18 and +48%, respectively.

In these simulations greater variations in predicting the body
burden of cesium in Eskimos after 4 years were caused by varying
the parameters defining the transfers from one state variable to
another than by varying the initial state variables. The timing of
caribou migration from winter to summer range in relation to
caribou diet and Eskimo hunting was the most important variable
affecting cesium levels in the Eskimos.

AN EVALUATION OF THE NUTRIENT RECOVERY HYPOTHESIS

The nutrient recovery hypothesis is one of the early synthetic
concepts in research in the arctic tundra (Schultz, 1965; 1969). The
hypothesis states that the spectacular fluctuations in the number of
lemmings through the years are related to phosphorus cycling in the
ecosystem. The bases of this hypothesis are (Miller, Collier, and
Bunnell, 1975): When the number of lemmings is low, production of
plant standing crop is relatively high. Live and dead plant materials
accumulate on the surface and, by their effect on the heat balance,
decrease the depth of the thawed surface layer of soil. The decreased
thaw depth increases the phosphorus content of the soil solution,
which increases the phosphorus content of the vegetation. As the
quality of the vegetation increases, the number of lemmings
increases. This population increase eventually reduces the standing
crop of live and dead plant material. Then the thaw depth increases;
the phosphorus content of soil solution decreases; and vegetation
quality decreases. Eventually the lemming population crashes be-
cause of the poor quality of the vegetation, and a new cycle begins.

I have mimicked part of this hypothesis with a system containing
standing dead vegetation, live vegetation, and soil organic matter as
state variables and depth of the active layer and seasonally available
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/SEASONALLY
I AVAILABLE

PHOSPHORUS

CARBON FLOW PHOSPHORUS FLOW INFLUENCE

Fig. 2 Diagram of state variables, transfer of carbon and phos-
phorus, and paths of influence in the tundra model to mimic the
nutrient recovery hypothesis.

phosphorus as algebraic variables (Fig. 2). Instead of increasing the
phosphorus available to the plants with decreased thaw depth,
however, I decreased available phosphorus proportional to the thaw
depth. Lemming grazing transfers the aboveground material to the
soil organic mat every 4 years in the standard case. Such a
formulation is appropriate for a model with annual time steps; the
model in this case summarizes more detailed models of within-season
and within-day processes.

Ng and Miller (1977) evaluated the influence of several vegeta-
tion and soil properties on peak-season depth of thaw. The effect of
simulated changes in the foliage area index, which includes both live
and dead aboveground vegetation, was 1.3 cm of peak-season thaw
depth per unit of foliage area index The sensitivity to changes in
foliage area index varied with solar and infrared irradiance, air
temperature, humidity, wind and air turbulence, and properties of the
soil surface. Field studies indicated a sensitivity of between 1.5 and
3.0 cm of thaw depth per unit of foliage area index. The sensitivity
of peak-season thaw depth to the thickness of the soil-surface organic
mat was 1.0 cm of thaw depth per 1 cm of mat thickness. This
sensitivity varies with thermal conductivity, volumetric heat capac-
ity, and water content of the mat.

Each year all the aboveground standing crop of live vascular
plants is transferred to standing dead, and 25% of the belowground
standing crop of live vascular plants is transferred to the soil organic
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matter (estimated from Shaver and Billings, 1975). The ratio of live
aboveground to belowground standing crop is about 1 : 5 (Shaver
and Billings, 1975); other estimates are 1 :1 to 1 : 5 (Dennis and
Tieszen, 1972; Johnson, 1969).

The organic mat is formed mainly from dead moss. In the
absence of .lemmings, standing dead material accumulates with little
loss by decomposition or by transfer to soil organic matter. In the
course of 4 years without grazing, a foliage area index of 2 to 3 can
accumulate; this might raise the depth of thaw by 20 to 30%. Annual
production of moss is currently estimated to be 30 g/m2 (Oechel
1976; Miller et al., 1977). If this production is added to the organic
mat each year at a bulk density of 0.4 g/cm3, the annual increment
of the organic mat is potentially 0.0075 cm if no decomposition
occurs. (The accumulation rate of the current 6 cm of organic mat
through an estimated 10,000 years would be 0.0006 cm/year.)

Current estimates of the decomposition of soil organic matter
and the release of phosphorus indicate that 0.11 g P/ra2 are released
annually in a 25-cm soil depth (Barkley et al., this volume). The
effect of thaw depth on phosphorus release is unknown; therefore a
linear relation between changes in thaw depth and phosphorus
release is assumed. Although the soil organic matter is not linearly
related with depth but is concentrated in the top 6 cm, the diurnal
freeze—thaw cycle probably releases significant amounts of phos-
phorus at the thawing front (Saebo, 1968). Some plant species
exploit this front (Chapin et al., 1977).

Net primary production is about 200 gm~2 year"1, with half
going to aboveground and half to belowground tissues. When these
tissues die, they carry about 0.1 g P/m2 to standing dead and to soil
organic matter. The ratio of net production to phosphorus released is
1 : 0.029. Quality of the vegetation has been observed to vary with
growing-season temperature. Warm temperatures increase carbon
incorporation and growth without increasing phosphorus uptake
proportionately, and cooler temperatures decrease carbon incorpora-
tion and growth without decreasing phosphorus uptake. Thus, when
temperatures are warm, the phosphorus concentration per gram of
vegetation decreases although the total content may actually
increase.

The exact relation between increases in lemming population and
the phosphorus content of vegetation is unknown, but the popula-
tion will increase a thousandfold through a 3- to 4-year period before
crashing (Pitelka, 1958). During population highs, the lemmings can
remove all the standing crop of live and dead material (Dennis,
1969).
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Variation of ±20% in the initial amounts of standing dead and
live plant biomass had no effect after 100 years on soil organic mat
thickness, peak-season thaw depth, seasonal phosphorus release,
peak-season live aboveground standing crop, or foliage area index
(Table 3). Changing the initial thickness of the organic mat by ±20%
resulted, after 100 years, in changes of ±16% in the thickness of the
organic mat, ±3% in the thaw depth, +2 to —4% in the seasonal
phosphorus release, ±5% in live aboveground standing crop, and +4
to —7% in foliage area index. The trend in organic mat thickness
indicates that the system was converging slowly to the standard case.
The initial conditions were re-established in 50 years after the
organic mat was reduced by 20% and in 200 years after the organic
mat was completely removed. After 100 years, changing the initial
thaw depth by ±20% caused changes of ±17.2% in thaw depth, ±17%
in phosphorus release, ±27.5% in standing crop, ±26% in foliage area
index, and ±5.6% in organic mat thickness.

Variations in the parameters defining transfers influenced the
state of the system in different degrees after 100 years. The most
sensitive parameters were those relating to phosphorus release and
plant production per unit of phosphorus uptake. In the model
production is affected only by phosphorus release; thus phosphorus
has a direct effect on production and a secondary effect on foliage
area index and organic mat thickness. The sensitivity of thaw depth
to changes in foliage area and organic mat thickness is sufficiently
low that thaw depth is relatively stable. Another stabilizing influence
is the periodic clipping of all foliage by lemmings. Without this
clipping the system tends to degrade, but varying the period between
clippings from 3 to 5 years had little effect. The trends occurring
when phosphorus is added and when lemmings are excluded are
broadly consistent with field observations.

In these simulations of the nutrient recovery hypothesis, the
system did not come to equilibrium. The initial values for the organic
mat thickness and thaw depth still influenced several variables after
100 years of simulation. The initial values for standing dead and live
vegetation were not influential, but parameters defining phosphorus
cycling were critical. The thickness of the organic mat and the depth
of thaw are relatively easy to measure within 10 to 20%. The rate of
phosphorus release is still a mystery and is probably the most
important set of processes to study further.

CONCLUSION

The relative importance of measuring state variables or inventory
data VJ. processes can be evaluated by simulation in terms of



TABLE 3

EFFECT ON VARIABLES OF ±20% CHANGES FROM STANDARD CONDITIONS IN INITIAL
VALUES AND IN COEFFICIENTS DEFINING TRANSFERS AND INFLUENCES

AFTER 100-YEAR SIMULATION*

Variation in initial conditions
Organic mat thickness
Standing dead
Live aboveground
Live belowground
Thaw depth

Variation in parameters
Ratio of thaw depth to foliage

area index
Ratio of thaw depth to organic

mat
Extreme case on thaw
Phosphorus release
Phosphotus per gram biomass
Decay of standing dead
Decay of mat
Period of lemming highs
No lembiings

Soil organic
mat

thickness

+15.7
0
0
0

+5.7

0

0
±5.7
+4.3

+5.7 to - 4 . 3
0

±1.4
+1.4 to 0

-11.4

Thaw
depth

±3.3
0
G
0

+17.2

+1.1 to -0.7

+0.7 to -0 .4
-17.5 to +19.3
-4 .7 to -4 .4
-5 .1 to +4.0

0
±0.4

+2.2 to —1.8
-31.4

Phosphorus
release

+1.9 to -3 .8
0
0
C

+17

0 to -1 .9

0 to 1.9
±18.9

—17.0 to +13.2
-5.7 to +3.8

0
-1 .9 to 0

±1.9
-32.1

Live
standing

crop

±5.2
0
0
0

+27.5

±1.4

±1.0
—28.5 to +31.3

-26.3 to 24
+29.7 to —21.8

0
+0.4

+3.4 to —3.1
-50.6

Foliage
area

index

+3.6 to —7.1
0
0
0

-28.6 to +25.0

0 to —3.6

0
±28.6

-25.0 to +21.4
+28.6 to -21.4

0
0

—17.9 to +14.3
+257.1

1
m
i -m
2O)

O
*n
CO

JT
H

E
S

li

•Changes expressed as percentage change from standard case.
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-educing prediction uncertainties. From several points of view,
understanding the processes is more critical than knowing values of
state variables. First, initial conditions may have little effect on the
equilibrium state of the ecosystem. Second, processes have a greater
effect than state variables on rate of ecosystem recovery following
perturbation. Third, state variables measured without adequate
controls on influential variables may give no insight into the
dynamics of the ecosystem and may not be suitable for use to
validate a model.
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FACTORS AFFECTING NITROGEN CYCLING
IN SOME DOUGLAS FIR ECOSYSTEMS
OF THE PACIFIC NORTHWEST

DALE W. COLE, PHILIP J. RIGGAN, JOHN TURNER, DALE W. JOHNSON,
and DAVID BREUER
College of Forest Resources, University of Washington, Seattle, Washington

ABSTRACT

The influence of nitrogen on productivity and forest structure was investigated
in some low-site Douglas fir ecosystems in western Washington. The transfers of
organic matter and nitrogen among system components were examined in both
natural and perturbed systems, with emphasis on process mechanisms and
controls internal to the system. The rates of biomass accumulation and nitrogen
cycling are sensitive to the level of stand nitrogen nutrition. The system is
essentially nitrogen conserving, with inputs and outputs being small relative to
internal transfers. Only under special conditions leading to nitrification does
significant nitrogen output occur. The transfers and processes involved in
nitrogen cycling and forest growth are described in a mathematical simulation
model. Model analysis places individual processes in perspective and shows the
need for consideration of the system as a whole.

It has been our experience in the U. S. International Biological
Program (IBP) Coniferous Forest Biome that ecosystem analysis is
realistic only when it emphasizes information on process levels rather
than on state variables. In our ecosystem analysis studies, many
researchers have given considerable attention to nitrogen because of
its importance in regulating the growth and development of Douglas
fir (Pseudotsuga menziesii) stands. Nitrogen deficiency symptoms
and impressive responses to nitrogen fertilizer have been noted in
many Douglas fir stands (Regional Forest Nutrition Research Project,
1974). It has also been demonstrated that nitrogen availability has a
great influence on litterfall rate (Gessel and Turner, 1976), tree
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mortality (Gessel, Stoate, and Tumbull, 1969), and understory
composition and productivity.

In this paper we discuss the distribution of nitrogen within
ecosystems, transfer of nitrogen among system components, and,
most importantly, the control of these transfer rates. The effects of
stand maturity and stand manipulation on transport, utilization, and
conservation of nitrogen are also explored. Finally, we incorporate
much of this information into a simulation model that serves as a
prototype of our current level of knowledge in the area of nitrogen
nutrition and forest growth.

NITROGEN CYCLING IN NATURAL AhD ALTERED
DOUGLAS FIR ECOSYSTEMS

Most of the work reported here was conducted over the last
decade at the Allen E. Thompson Research Center in the foothills of
the Washington Cascades. The stands are site quality IV and range in
age from 9 to 95 years. All are growing on Everett soil, a
nutritionally poor gravelly outwash. The site was chosen for intensive
research in fertilizer and nutrient cycling because its nitrogen-
deficient conditions allow us to alter nutritional states from poor to
very rich. Thus we were able to observe the forest's response to a
range of nutritional environments.

Initial investigations at the site showed that (1) the nitrogen
input and output of these systems is very low and is nearly in
balance; (2) over a short period (the life of the ecosystem), the
system depends on nitrogen cycling and not on atmospheric inputs
to meet its annual nitrogen needs for growth and accumulation; and
(3) a very effective process of nitrogen conservation, which allows
for the maintenance of the soil nitrogen pool, is in operation. In
conjunction with these studies, we investigated processes regulating
the storage and transfer of nitrogen. Much of the work was under the
organization of the U. S. IBP Coniferous Forest Biome Program.

Nitrogen Leaching in the Forest Floor and the Soil System

The leaching of nitrogen within the soil is regulated largely by
nitrogen mineralization and nitrification. It is important that we
understand these processes since an increase in the rate of nitrogen
leaching loss could reduce the soil nitrogen pool, eventually lowering
transfer rates and pool sizes elsewhere in the system. Annual loss
through leaching in the stands described was found to be low
(~1.5 kg N/ha). This conservation of nitrogen is critical for maintain-
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ing the productivity of the site, and, consequently, we need to know
why the present leaching rates are low and how they might be
affected by site manipulation. In this study we consider soil leaching
processes both in a general sense and with particular reference to
nitrogen in its various ionic forms.

The leaching process and its relationship to nitrogen transforma-
tion and conservation was found to operate in the following manner.
The major forms of nitrogen in solution are ammonium (NHj),
nitrate (NO3), and various organic compounds. Nitrate is poorly
adsorbed in the soil and, consequently, is easily lost by leaching. In
contrast, NH4 is strongly adsorbed on cation-exchange sites and is
displaced into solution only by hydrogen ion (H*) or other cations.
Unfortunately, the degrees of mobility of the various organic forms
of nitrogen are not well characterized.

The apportionment of soluble nitrogen among these forms will
largely determine soil leaching loss. Concentrations of nitrate
nitrogen and organic nitrogen are similar in precipitation (Table 1).
However, we found that the solution passing through the forest floor
and soil contains very low concentrations of nitrate and ammonium
nitrogen (<0.003 and <0.02 ppm, respectively). The nitrogen in
these soil solutions is primarily in organic form.

The mechanism by which cation (including NH J) teaching takes
place in these systems has been described previously (McColl and Cole,
1968). Loss of nitrogen through NHj leaching is primarily controlled
by the presence of mobile anions in the soil solution. A schematic
diagram of this process is illustrated in Fig. la . Respiration and the
production and dissociation of carbonic acid apparently control NHj
leaching from soil in this Douglas fir system. In this process CO2
respired by microorganisms and roots hydrolyzes to form carbonic
acid (H2CO3), which then dissociates (a pH-dependent reaction) to
form H+ and bicarbonate ion (HCO3). The H+ rapidly exchanges with
adsorbed cations (including NHj), which are then leached from the
soil in association with the mobile HCO3. Similarly, nitrification
produces H* and a mobile anion, NO3. Thus any appreciable
nitrification will result in increased leaching loss of both nitrogen, as
NO3 , and native cations, including NHj, as illustrated in Fig. l b .

Factors Affecting Nitrification

Since nitrate is easily leached, it is important to determine why
nitrate is present in only small quantities in most temperate forest
ecosystems and what factors control its formation. A series of
processes determine the accumulation of nitrate in the soil solution;
nitrification, denitrification, biological fixation, and leaching.



TABLE 1

WEIGHTED NITROGEN CONCENTRATIONS (C) AND YEARLY TRANSFERS (T) IN A
43-YEAR-OLD DOUGLAS FIR ECOSYSTEM

NOi-N NHj-N Organic nitrogen Total nitrogen

Sample

Precipitation
Solution pasting

foreit floor
Solution patting

A horizon (8 cm)
Solution patting

C horizon (100 cm)
; - _

c,
mg/liter

(U2

<0.003

<0.003

<0.003

T,
kg/ha

1.6

Trace

Trace

Trace
" in —

c,
mg/liter

T i l

<0.02

<0.02

<0.02
—

T,
kg/ha

1.5

Trace

Trace

Trace
_

c,
mg/liter

oJoi
0.59

0.35

0.25

T,
kg/ha

1.1

5.3

2.6

1.5
—

c,
mg/liter

0.31

0.59

0.35

0.25
— ———_

T,
kg/h»

4.1

5.3

2.6

1.5
—
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The rate of nitrification depends on the presence and activity of
nitrifying organisms, which, in turn, depend on temperature,
moisture, and substrate (ammonium) availability. Nitrification can
also be influenced by pH, the presence of inhibiting organic
compounds and the competition for NH4, and other organisms. The
temperature dependence, which has been well characterized
(Alexander, 1965; Russel, Jones, and Bahrt, 1925), indicates that
low soil temperature may limit the potential nitrification in these
systems. The effect of moisture on the nitrification rate is less
definite, but the soil moisture here is seldom outside the range
requisite for aerobic bacterial growth (Alexander, 19S5; Greaves and
Carter, 1920). Substrate availability, however, can be expected to
constrain nitrification rates. Nitrifying bacteria must compete with
other microorganisms and plants for the relatively small amount of
available ammonium in the system. The competition is very intense
in the surface horizons of many forest soils because of the
availability of carbon and a high carbon-to-nitrogen ratio. We have
noted, for example, that nitrification is more likely to occur deep
within the soil profile when the carbon levels are low and the
carbon-to-nitrogen ratio is small.

In pure solution culture the optimum pH for nitrifying bacteria is
neutral, and growth is severely reduced below pH 5. The pH
optimums in solution culture reflect, to some degree, the environ-
ment from which the cultures were isolated (Turner and Olson,
1976; Ulyanova, 1961; 1962), and pH adaptation has been reported.
This could explain observations of nitrification occurring in soil more
acidic than the often-cited lower limit of pH 5.

Many organic substances are inhibitory to cultured nitrifying
bacteria. The plant root excretions or decomposition products that
have been hypothesized to limit nitrification in some systems have
yet to be isolated. Only in a few instances have certain classes of
naturally occurring compounds been demonstrated to inhibit nitrifi-
cation (Munro, 1966; Rice and Pancholy, 1972; 1973; 1974). Some of
these decomposition products are found in coniferous litter. Organic
compound inhibition may explain the differences in nitrification
observed by Heilman (1974) in fertilized and incubated soils taken
from several northwest sites, including the areas we studied.

Under certain conditions nitrification has been observed to occur
in forest soils. For example, after harvesting and herbicide treat-
ments, Likens, Bormann, and Johnson (1969) found a high rate of
nitrification at the Hubbard Brook watershed in the northeast United
States; this, in turn, caused leaching loss of NO3 and associated
cations. However, little nitrification and nitrate leaching has bean



78 COLE, RIGGAN. TURNER. JOHNSON, AND BREUER

observed after harvesting in the low-site Douglas fir ecosystems we
studied in western Washington (Cole, Crane, and Grier, 1975; Gessel
and Cole, 1965), nor was nitrification observed after harvesting in
aspen forests in Michigan (Richardson and Lund, 1975). The
nitrification process in forest soils is not well understood, but this
single process does play a critical role in conserving nitrogen and
other nutrients within the ecosystem.

To examine the conditions in which nitrification can be expected
in forest soils, we conducted a series of studies where soil NHj levels
were significantly increased. These studies included applying urea
fertilizer and irrigating with secondary-treatment municipal waste
waters.

With urea fertilization leaching proceeds in the same manner as
that observed in undisturbed systems (Crane, 1972; Greaves and
Carter, 1920). Although urea is mobile in the soil because of its
nonionic status, it is not leached since it rapidly hydrolyzes to
ammonium bicarbonate (or to carbonate above pH 8.3) by a
common soil enzyme, urease. This ureolysis reaction was typically
completed within a 2-day period; all the urea nitrogen was converted
to the ammonium form. Further leaching of nitrogen was quite
drastically restricted because of the adsorption of the NHj ion on
the exchange sites of the soil system. Applying urea fertilizer also
caused the soil-solution pH to increase nearly two unite, to ~pH 8 at
the soil surface. This change in pH has a direct effect on the
ionization of the bicarbonate ion, increasing its potential activity by
a factor of 100. The process of nitrogen leaching after urea
fertilization is shown in Fig. lc . The leaching of fertilizer nitrogen
essentially stopped before the solutions reached the 30-cm depth in
the soil because of a decrease in soil-solution pH at the 30-cm depth.
Because the bicarbonate ion ionized to the carbonic acid form, the
soil solution lost a major fraction of its mobile anion pool. Instead of
being leached, the ammonium ion was removed f*om the soil
solution and occupied the exchange site vacated by H* by the
formation of carbonic acid. If the NH4 ion had nitrified, a far
different leaching pattern would have been observed. From these
results it appears that the availability of the ilHj ion was not the
limiting factor in the nitrification process, over this short period at
least.

In the case of waste-water irrigation, a significantly different
leaching pattern was observed. In this study waste water was applied
by spray irrigation for 2 years at the rate of 5 cm per week. This
application rate represents an annual addition to the system of
~450 kg/ha of nitrogen. This method of fertilization differs from



NITROGEN CVCLING IN DOUGLAS FIR ECOSYSTEMS 79

single-application urea fertilization in a number of significant ways.
Nitrogen is added to the system via waste-water irrigation regularly in
small increments. The majority (85%) of this added nitrogen is
ammonium. Nitrifying bacteria are present in the waste water at the
time of irrigation and, consequently, are continually reintroduced to
the system. The <arge quantity of irrigation water provides an always
present transport medium for rapidly leaching any nitrate formed
out of the zone of plant and microbial uptake and eventually out of
the system. Weekly irrigations provided elevated moisture during
normally dry summer months.

In contrast to the fate of nitrogen added by commercial urea
fertilizer applications, a significant proportion of the ammonium
added by waste water was found to be nitrified and leached.

Waste water was applied to three vegetative covers and an
unvegetated control. By the second year of the experiment (it took
1 year to establish complete vegetative covers on these sites), it
became clear that vegetative type affected nitrate levels in the soil
solution and leaching of nitrogen through the soil profile. As we
anticipated, very little ammonium leaching was detected in these
soils (Table 2). The greatest rate of nitrification and subsequent
nitrogen leaching was noted in the unvegetated plot where 93% of
the applied nitrogen leached below the 180-cm soil depth. A 22%
leaching loss of applied nitrogen was observed in the grass plot, 15%
in the Douglas fir plot, and 6% in the poplar plot. In other words,
94% of the applied nitrogen remained within the poplar plot during
the second year of waste-water application because of either lack of
nitrification or rapid NO3 uptake by vegetation and soil organisms.

The cumulative effect of these applications is clearly seen in the
barren plot (Table 2). The rate of nitrate leaching significantly
increased during the latter part of the second year, markedly
accelerating the leaching losses from this site.

Decomposition and Nitrogen Mineralization

Another important process affecting the transfer and accumula-
tion of nitrogen within the ecosystem is decomposition of organic
matter and nitrogen mineralization. Little is known about the
control of this biological process in an undisturbed Douglas fir stand
or about variations in rate that can be expected because of stand
manipulations.

The rates of organic matter decomposition and nitrogen mineral-
ization at the Cedar River Research site can be estimated by use of a
budget approach from data by Turner (1975). In stands older than
22 years, litterfall input of organic matter to the forest floor
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TABLE 2

NITROGEN TRANSFERS IN PLOTS IRRIGATED
WITH MUNICIPAL WASTE WATER*

Input
Output

Input
Output

Input
Output

Input
Output

Water,
cm

338
295

332
239

286
209

328
262

Transfer, kg/ha

NHj-N NO^-N

Unvefetated plot
371 13

1 405

Grais plot
360 13

1 86

Douglas fir seedling plot
287 11

1 46

Poplar plot

353 13
1 14

Organic
nitrogen

61
9

59
7

48
4

58
10

Total
nitrogen

445
415

432
94

346
51

424
25

•Values given are results for the second year of treatment.

(excluding wood) is nearly constant at 2230 kg organic matter ha"'
year"1. The rate of accumulation in the forest floor (estimated from
the slope of a regression of forest floor weight on stand age) is also
constant at 452 kg ha"1 year"1. Since both rates are constant, the
decomposition rate can be estimated as their difference. Thus it
appears that 1780 kg organic matter/ha is decomposing within the
forest floor each year. Similar calculations using rates of input and
accumulation of nitrogen in the forest floor suggest a nitrogen
mineralization rate of 13 kg ha"1 year"1.

Rates of net nitrogen mineralization in the soil and organic
nitrogen transfer from forest floor to soil can be estimated from
measurements of plant uptake, deep leaching loss, forest-floor
mineralization, and the proportion of uptake by roots coming from
the forest floor. The mineralization rates are net rates and do not
consider higher cycling rates brought about by microorganisms
immobilizing NHj. According to these calculations 13 kg N ha"1

year"1 were mineralized from the forest floor containing 200 kg of
nitrogen, and 14 kg N ha"1 year"1 were mineralized from the soil
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containing 2400 kg of nitrogen in soil organic matter (to 45-cm soil
depth). Transfer of soluble organic nitrogen from decomposing
forest-floor material to the soil was estimated at 3.07 kg N ha"1

year"1. This figure corresponds well with the value of ~3.0 kg N ha"1

year"1 measured directly with lysimetric techniques.

Transfer and Recycling of Nitrogen Among and Within Ecosystem Components

Overstory Dynamics

The pattern of annual nitrogen uptake by the trees (Site IV,
Douglas fir) and understory vegetation during a 95-year period is
illustrated in Fig. 2. It is interesting that nitrogen uptake changes
during this time period. Maximum uptake by both total vegetation
and trees alone corresponds temporally with maximum development
of the tree crowns. The annual uptake of nitrogen by a stand begins
to decrease at approximately age 40. By 95 years nitrogen annual
uptake decreased from 40 to ~ 17 kg/ha. These stands apparently
have two ways to compensate for the decrease so they can continue
to meet their nitrogen demands. First, according to field observa-
tions, the 95-year-old forest at this site retains foliage for nearly 6
years. Retention of foliage in the younger forests is less, 3 to 4 years
for a 40-year-old forest and 2 to 3 years for the 9-year-old forest
(Cole, Turner, and Gessel, 1977; Turner, 1975). The increase in

40 60 80 100

STAND AGE. years

Fig. 2 Annual uptake and internal recycling of nitrogen by trees
and underttory vegetation in Douglas fir stands of various ages
(adapted from Cole, Crane, and Grier, 1975).
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needle-retention time should permit the forest to maintain the same
canopy density with less nitrogen uptake since there is less needle
replacement. Second, there appears to be a significant increase in
internal recycling of nitrogen with stand age. During the initial
period of crown closure, between 5 and 10 kg N'ha is translocated
from the older to the current tissues each year. In the 95-year-old
stand internal recycling of nitrogen has increased to 15 kg ha"'
year"1. We can conclude that through this process the Douglas fir
forest becomes significantly more efficient in nitrogen utilization as
it matures. Since nitrogen is being systematically withdrawn from the
cycling process and stored in such tissue as bole and bark, the
increased efficiency could be of real nutritional importance to the
trees if nitrogen is at all limiting in the ecosystem.

The rate of return of nutrients to the forest floor by the
vegetation is illustrated in Fig. 3. Return rate follows canopy
development, reaching a maximum with crown closure and then
remaining at nearly maximum level through the age classes studied.

An increase in nitrogen nutrition leads to decline in the rate of
senescence and an increase in foliage retention. For example, Turner
(1975) noted that, in the first year after treatment, litterfall was
1290 kg/ha after the addition of 880 kg N/ha, 1710 kg/ha after 220
kg N/ha, 1880 on the control plot, and 2390 when the forest floor
carbon-to-nitrogen ratio was raised to stress the trees for nitrogen.

In older age classes of foliage in Douglas fir, nitrogen concentra-
tion is observed to decline with progressive aging. The decline is
slowed and can even be reversed by increasing the level of nitrogen

I I I
40
STAND AGE. years

80 100

Fig. 3 Annual return of nitrogen to the forest floor by litterfall and
crown leaching in Douglas fir stand* of various ages (adapted from
Cole, Crane, and Grier, 1975).
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nutrition (Turner, 1975). This process is interpreted as a reflection of
tissue senescence, in which synthesis of protein, chlorophyll, and
other constituents declines and net degradation proceeds. The
degradation products (amino acids, sugars, etc.) are then re-
distributed to other plant parts before abscission (Leopold, 1961).
At higher nutritional levels the senescence and redistribution
processes do not proceed as completely as at low levels, and thus the
concentration of nitrogen in litterfall is greater.

Understory Dynamics

The understory in a Douglas fir stand of site quality IV is
comprised of a vascular and fern component dominated by salal
{Gaultheria shallon) and brake (Pteridium aquilinum) and a moss
component dominated by Eurhynchium oreganum and Hylocomium
splendens (Long and Turner, 1975).

The understory biomass, nitrogen content, and nitrogen uptake
for 22-, 42-, and 73-year-old naturally regenerated stands were
estimated by Turner (1975) and Long and Turner (1975) (Table 3).
In this age sequence salal has its maximum biomass and dominates
the understory of younger stands and declines as the stands age.
Concurrently, the moss component increases in biomass.

Long and Turner (1975) show an inverse correlation between
salal biomass, Bg, in kilograms per hectare and foliage biomass of the
overstory Douglas fir, Bf, in the same units. This effect is probably a
result of decreasing light levels under the developing overstory
canopy. Salal does appear to be tolerant of much shading, but many
possible overstory influences exist. The mess species that become
important in terms of biomass or contribution to understory
biomass as the stand ages can be characterized as tolerant of the
overstory but intolerant of a dense subcanopy of salal (Long and
Turner, 1975). Nitrogen fertilization leads to increased canopy
biomass and changes in the understory similar to those found in the
stand age sequence (Heilman, 1961; Heihnan and Gessel, 1963).

Since the overstory apparently affects the composition and
biomass of the understory, the understory will also affect it.
Understory nitrogen uptake can be a significant proportion of total
stand uptake, especially in young stands. In the 22-year-old stand,
understory nitrogen uptake was 16.7 kg N ha"1 year"1, or 0.38 of
total stand uptake. In the 73-year-old stand, this proportion declined
to 0.13, and salal became less important.

The general pattern of high return rates by the understory
vegetation during the initial 20 to 25 years of stand life corresponds
to the period when this part of the vegetation plays a dominant role
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TABLE 3 a
UNDERSTORY BIOMASS, NITROGEN CONTENT, AND NITROGEN UPTAKE IN AGE SEQUENCE a

OF NATURALLY REGENERATED DOUGLAS FIR STANDS* 1

m

z

>
o

*Data are from Turner (1975). 3s
3

Component

Vascular and
fern

Moss
Total

Biomau,
kg/ha

7600
31

7631

22-year-old stand

Nitrogen
content,

kg/ha

66.4
0.2

66.6

Nitrogen
uptake,

kg ha year'1

16.7

Biomau,
kg/ha

3920
323

4243

42-year-old stand

Nitrogen
content,

kg/ha

36.6
2.0

38.6

Nitrogen
uptake,

kg ha"1 year"1

7.3

Biomau,
kg/ha

1170
1518
2688

73-year-old stand

Nitrogen
content,

kg/ha

8.5
9.3

17.8

Nitrogen
uptake,

kg ha"1 year"'

3.7
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in the structure of the ecosystem. When the forest canopy closes and
the biomass of the understory species decreases, we see a correspond-
ing decrease in return from the understory species.

Conclusions on Nitrogen Cycling and Transfer
in Low-Site Douglas Fir Ecosystems

Nitrogen seems to be conserved because of low nitrification in
the Douglas fir ecosystem considered here. Low nitrification in
undisturbed as well as harvested and fertilized sites prevents
significant loss of nitrogen. Applying nitrogen in waste water to
seedling plots results in large increases in nitrification and nitrogen
transfer out of the soil. Nitrification and factors regulating it are now
under intense study in our ongoing program.

The level of nitrogen nutrition has profound effects on the
nature of stand development and the rate of nitrogen cycling. A
better nitrogen status leads to both increased wood growth and tree
mortality. Foliage biomass and nitrogen content are most sensitive to
nitrogen levels, however. A better nitrogen status leads to increased
foliar growth rates and higher maximum foliage accumulation. This,
in turn, affects understory composition. A better nitrogen status also
results in higher foliar nitrogen levels, less redistribution from older
tissue, and longer nesdle-retention time. These, in turn, affect
litterfall and nitrogen return rates.

Modeling Patterns of Nitrogen Cycling During Stand Development

The data discussed in the previous section have been used to
construct a general model of growth and nitrogen dynamics in late
stages of stand development (i.e., after crown closure). The model
serves as a concise formulation of both existing knowledge and our
hypotheses concerning the control of nitrogen and biomass transfer.
It allows us to test the plausibility of the incorporated hypotheses
and will show how the real system can be expected to behave under
both natural and perturbed conditions. This is important because
most data are collected from a chronosequence of stands rather than
by using remeasurements over tens of years, The model relies
primarily on data collected from the Thompson Research Center as a
base. If needed variables or transfers have not been measured there,
data from literature sources were extrapolated to these stands. The
model has not been rigorously validated for quantitative prediction
because (1) important processes, such as regulation of microbiologi-
cal activities, are too little understood, and (2) necessary data for
validation are not currently available. Trends in accumulation of
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biomass and nitrogen under natural and perturbed conditions will
give a qualitative validation, however.

Model Organization

The model describes the flow and accumulation of organic
matter and nitrogen in a maturing Douglas fir stand. Sufficient
information on the effect of stand structure on model parameters
was not available for modeling younger stands. The model consists of
a set of differential equations that are solved numerically for the
values of 16 state variables with time. The equations are listed in
Appendix 1. In some cases they ere based on sparse data and,
therefore, serve as semiquantitative estimates of the functional
behavior of the dependent variables. Flows and accumulations are
simulated for a hectare of forest on a yearly basis, and seasonality is
ignored. The model assumes a homogeneous stand and does not
attempt to account for individual trees because of the nature of
available data and the lack of information about dynamics of stand
structure.

The long-term effects of other environmental factors, such as
light or water stress, which contribute to the regulation of growth
and stand dynamics have in some instances been included empirically
or automatically by the nature of the data. For instance, the death of
whole trees, which may be in part caused by low light levels, is
included as a function of changes in diameter at breast height (dbh).
The effect of increased self-shading and litterfall as a result of
changing the nutritional status of the stand is included in litterfall
estimates. This points out that environmental factors are often
interrelated. Therefore, the model describes the response of the stand
to the overall environment, with different nutritional levels, and not
just the component of the response directly attributable to nitrogen.

A flow diagram of the model structure and state variables used is
shown in Fig. 4. Included are state variables describing organic
matter and nitrogen contents of the foliage, wood, and roots of
Douglas fir, salal, forest floor, and soil.

The basic assumptions and hypotheses represented in the model
have been discussed in the previous sections. Briefly by subject, they
are:

Douglas fir nitrogen
1. Nitrogen in Douglas fir is partitioned into fixed (structural and

enzymatic protein) and mobile (free amino acids and amides) forms.
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Fig. 4 Flow diagram for a model of biomass and nitrogen dynamic*
of a low-site Douglas fir ecosystem (adapted from Riggan, 1976).

2. The concentrations of mobile and fixed nitrogen are used to
relate changes in nitrogen transfers and biomass to changes in
nutrition.

Growth and death in Douglas fir
3. Growth of Douglas fir foliage, wood, and roots is functionally

related to nitrogen nutrition, through the concentration of enzy-
matic protein, and to the mass of meristematic tissue.
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4. Mass of meristematic tissue is empirically related to biomass.
5. Death of Douglas fir foliage is foliage-age dependent, and

retention of foliage is functionally related to the level of nitrogen
nutrition.

6. The number of live trees per hectare is empirically related to
average dbh in the stand.

Internal nitrogen transfers in Douglas fir
7. Nitrogen is incorporated into new tissue concurrently with

growth and at a rate determined by the mobile nitrogen concentra-
tion.

8. Nitrogen is redistributed from older foliage per unit biomass at
a rate inversely related to the mobile nitrogen concentration.

External cycling
9. Root uptake is functionally related to the concentration of

soil exchangeable NHj and the fine root biomass.
10. Losses from the system are minimal unless nitrification

occurs.

RESULTS AND DISCUSSION

The simulated accumulations of foliage in Douglas fir under
undisturbed conditions and after fertilization of 400 kg N/ha are
shown in Fig. 5a. The model predicts a constant biomass of foliage
for the undisturbed stand after age 50, whereas the trend indicated
by the experimental data shows a considerable leveling off in the
accumulation of foliage but a continual increase with time (Turner,
1975). The data points for the 30-, 36-, and 42-year-old stands are
actually remeasurements of a real growth plot, and they too show a
rapid leveling off in the accumulation rate. Immediately after
fertilization there are increases in uptake, mobile and fixed nitrogen
concentration, growth, and needle retention. As the exchangeable
NH4 pool is exhausted, uptake and nitrogen concentrations peak and
decline, with corresponding decreases in growth and needle reten-
tion. As the large-biomass needle-age classes reach maturity, the
death rate overtakes the growth rate, and the biomass declines until
the original level is reached.

The simulated accumulations of standing wood under un-
disturbed conditions and after fertilization are shown in Fig. 5b. The
predicted trend under undisturbed conditions shows a decline in
accumulation consistent with expectations. Mean wood mass per tree
rises exponentially because of more rapid growth in young stands
and the loss of smaller-than-average trees by whole-tree death.
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With constant supply rates and uptake sensitive to the ex-
changeable NH4 level, exchangeable NH4 achieves a steady-state level
in the undisturbed system. Thus nitrogen uptake by vegetation is
directly related to the mineralization of organic nitrogen in the forest
floor and soil.

Simulated changes in system nitrogen distribution with time
correspond to those measured by Heilman (1961). In the un-
disturbed stand the soil is the largest reservoir of nitrogen in the
system, with forest-floor litter and humus the next largest. The
proportion of system nitrogen in forest-floor litter and humus and in
standing wood increases progressively with time. In the undisturbed
stand the fertilization results in an immediate increase in the
proportion of nitrogen in foliage and in eventual accumulation of
the largest fraction of added nitrogen in forest-floor litter and
humus.

Stands with inherently different rates of nitrogen uptake for any
given soil exchangeable NH4 concentration (i.e., with different
uptake efficiencies) were compared by incrementing uptake by a
constant percentage of the calculated value. In comparison with the
standard condition, increased uptake efficiency leads to an increased
biomass of foliage and wood and a sharp decrease in exchangeable
NH4. The exchangeable NH4 stabilizes at a level at which uptake
equals that of the standard condition.

At long time intervals the foliage biomass is equal to that of the
standard condition because of the short time-interval integration of
foliage over nutritional conditions. Wood biomass remains slightly
higher since it integrates over the entire time period and includes the
initial gains in biomass.

The growth and nitrogen cycling processes included in this model
have been shown to combine theoretically to produce a stable system
that responds in a predictable fashion over both undisturbed and
perturbed conditions. The plausibility of the structure hypothesized
in the model has been confirmed.

During model development and analysis, insight was gained into
several important concepts:

1. Nitrogen uptake in a mature Douglas fir forest over long time
periods is most sensitive to the release of nitrogen from forest-floor
and soil organic matter rather than to root uptake efficiency.

2. When we analyze the charges in decomposition in the forest
floor of a mature forest stand, i< appears that decomposition is not
directly related to the mass of forest-floor material.

3. The influence of some factor on the functioning of the
ecosystem cannot be analyzed out of context; its impact can be
assessed only v'.ihin the framework of the system.
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4. Nitrogen cycling is intricately related to other environmental
variables through processes such as growth, litterfall, and de-
composition. Therefore, environmental variables that influence
productivity must be expected to show a high degree of correlation
and dependence.

5. The growth of a forest stand not only is influenced by soil
nutrition, but also, to a large degree, growth determines availability
of soil nutrients. Therefore a system approach is necessary in
analyzing the impact of changes in the forest environment on
productivity.

Field studies on processes and control functions have shown that
nitrogen is tightly retained in the mature, low-site Douglas fir
ecosystems investigated, primarily because nitrification rates and
consequent leaching losses are low. By altering the control function
of nitrification in the waste-water study, we induced high rates of
nitrogen loss. Thus it appears that the rate of nitrification largely
regulates the rate of nitrogen loss from these systems. It was also
demonstrated that nitrogen status affects growth rates, the nature of
stand development, and understory composition in these systems.
Foliar biomass and nitrogen content are particularly sensitive to the
supply of available nitrogen.

Both simulation modeling and field investigations have led to a
better understanding of interactions among nitrogen cycling, tree and
stand developments, and productivity in low-site Douglas fir. Ail
results indicate the supply of available nitrogen strongly affects
production and is a key driving variable in these ecosystems.
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APPENDIX 1

Equations Used in the Nitrogen Cycling Model*

Abbreviations are:
Bf, foliage biomass (kg/ha)
B w , wood biomass (kg/ha)
B r , root biomass (kg/ha)
CN,f, nitrogen concentration in foliage (kg N/kg organic matter)
Ns,ex> soil exchangeable NHi (kgN/ha)
CN,m> mobile nitrogen concentration in Douglas fir, i.e., free

amino acids and amides (kg N/kg H2 O)

Equations for the state variables are:
Growth of foliage, Gf (kg ha"1 year"1):

(3950.0) (Bf) (CN.f ~ 0.00785)
U f (3500.0 + Bf) [(4 x 10T4) + (CN,f-0.00785)]

Growth of wood, Gw (kg ha"1 year"1):

[(12420.0)-(2.1 x 10~2)(Bw)] (CN.f-0.00785)
w " (1.27 x 10"3) + (CN,f - 0.00785)

*Data are from Riggan, 1976.
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Growth of roots, Gr (kg ha"1 year"1):

= (39000) (Bf) (Cjj.f — 0.00785)
Ur [(1.5 x 104) + Br] [(5.5 x lCT4) + (CN , f-0.00785)]

Nitrogen uptake, UP (kg N ha"1 year"1):
0.0289 I

r [0.1UP = Gr [0.128

Number of live stems, STMN (per ha):

STMN = exp (12.812 - 1 . 8 1 6 In dbh)

Average dbh (cm):

In dbh = 0.991 + 0.418 [In (BW/STMN)J

Nitrogen concentration in litterfall, Cf min (kg N/kg organic
matter):

0.0038 ( C N . f - 0.0086)
0 0 1 g + ( C N f _ 0 0 0 8 6 )

Nitrogen incorporation in new foliage, INCf (kg N ha"1 year"1):

INC, - G, U 0092 + C ? x l Q ; 3 ) [ C N - n - - ( 8 x
INCf - Gf |0.0092 + ( 1 . 8 x 10-*)+ [ C N m _ ( g x l

Nitrogen incorporation in new wood, IN€W (kg N ha"1 year"1):

INC w =G w (8 .1x 1(T4)

Nitrogen incorpoi-ation in new roots, INCr (kg N ha"1 year"1):

INCr = Gr (1.35 x 10T3)

Redistribution of nitrogen from old foliage (during senescence),
RE (kg N ha"1 year"1):

RE - Bf [(1.05 x 10"2) - 1 2 . 1 8 CN ,m]

Net organic nitrogen mineralization in forest floor is 12.85 kg N
ha"1 year"1

Net organic nitrogen mineralization in soil is 13.95 kg N ha"1

year"1

Organic nitrogen leaching from forest floor in soil is 3.0 kg N
ha"1 year"1



THE ROLE OF HERBIVORES IN MINERAL CYCLING

GEORGE O. BATZLI
Department of Ecology, Ethology, and Evolution, University of Illinois,
Urbana, Illinois

ABSTRACT

The rate of mineral cycling in ecosystems depends largely on the rate at which
nutrients are absorbed from soil or water by primary producers and the rate at
which they are released from organic matter by leaching and decomposition.
Herbivores can influence these transfers in several ways. In the short term,
herbivores usually depress primary production, thus slowing nutrient uptake and
mineral cycling. In the long term, however, the activities of herbivores may
stimulate decomposition; thereby increasing rates of mineral cycling and primary
production. Herbivores also transport nutrients and change the local
concentrations of nutrients in soils by depositing urine, feces, and refuse and by
burrowing. Studies supporting these generalizations are reviewed. Unfortunately,
most work in natural ecosystems has been descriptive, and most hypotheses
concerning the role of herbivores as control agents for ecosystem processes have
not been tested. Future work should emphasize experimentation in the field.

The appearance of Lindeman's (1942) synthetic work on energy flow
through aquatic ecosystems marked the beginning of a new era in
ecology. During the next 30 years increasing numbers of ecologists
devoted themselves to the quantitative study of ecosystems. Studies
of energy flow and mineral cycling, the two essential processes
required for the functioning of all ecosystems, burgeoned. Although
most ecologists recognized the interdependence of these two
processes, logistic constraints demanded that each study concentrate
on one or the other. As a result, separate sets of models developed.

Most models of energy flow show energy entering a system as
sunlight, flowing through a linear sequence of trophic levels and
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Fig. 1 Three simplified model* of ecosystem processes, (a) Energy
flow through ecosystem*. Dashed line* ( ) represent con-
nection* between the two food chain* (after Odira, 1975).
(b) Nutrient cycling in ecosystem* (after Liken* and Bormann,
1972). (c) Cybernetic model of relationships in the organic portion
of ecosystems (after Golley, 1973).

leaving the system as heat. The simplified model in Fig. l(a)
represents this paradigm for a closed system. Since detritivore and
herbivore food chains are separated in this model, interesting
comparisons can be made of the percent of energy flowing from the
producers into each chain (Odum, 1975). Of course, the situation is
more complicated than is shown in the figure. There are interchanges
between the two basic food chains; dead members of the herbivore
chain are processed by detritivores, and individual predators may
participate in both chains. Some energy is cycled within the
detritivore chain as dead members are consumed. Furthermore,
ecosystems are generally open, and organisms and dead organic
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matter cross their boundaries. More elaborate models allowing for
these possibilities have been developed (Batzli, 1974).

Current models of mineral cycling show nutrients entering and
leaving ecosystems transported by air or water [Fig. l(b)] . Rather
than flowing unidirectionally through components in a manner
similar to energy flow, minerals arc mutually exchanged, and these
links allow continual recycling. Chemical and physical processes
affect the transfers among primary minerals, available nuirients, and
the transport medium, and biological processes affect the transfers
involving organic matter. Biological processes are deemphasized in
this model, and organic matter includes all components in the
energy-flow model, as well as dead organic matter. The lumping of
these components reflects the fact that many ecosystem studies
concentrate on the nutrient balance for the whole system rather than
on the intricacies of transfer within the system (Likens and
Bormann, 1972).

These two models [Fig. l(a) and l(b)] could represent the same
ecosystem, and yet they appear to have little in common. To
emphasize the links between energy flow and mineral cycling, I have
constructed a model combining both paradigms (Fig. 2). Energy
continues to move into and out of the system as light and heat, but it
also crosses the boundary linked with nutrients as dead organic
matter or as live organisms. Inorganic nutrients, including gases and
minerals, cross the boundary without moving usable energy. Within
the system, energy and nutrients follow the flow of organic matter

HERBIVORE
FOOD WEB

INORGANIC
POOL

PRODUCERS

OETRITIVORE
FOOD WEB

DEAD
ORGANIC
MATTER

Kg. 2 Model of both energy flow and mineral cycling in eco-
system*. Solid lines ( —) represent energy; dashed lines ( )
represent minerals; and double lines (== r=) represent organic
matter, including both matter and energy.
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from producers through either the herbivore or detritivore food web.
The existence of complex feeding relationships within each web and
the links between webs are recognized although they are not
diagramed. Some producers may absorb dissolved organic chemicals,
but most of the organic matter flows one way, from the herbivore
food web and the producers to dead organic matter. Organic matter
flows both ways between the detritivore web and dead organic
matter. Inorganic nutrients flow both ways between the inorganic
pool and living organisms.

This model portrays several important aspects of energy flow and
mineral cycling in ecosystems. The production of new organic matter
requires both energy and nutrients, and the availability of each will
affect the utilization of the other. Because of this interaction, many
opportunities for feedback between energy flow and mineral cycling
occur within the system. Herbivores consume living producers and
contribute to the pool of dead organic matter, whereas detritivores
and decomposers both consume and contribute to dead organic
matter. Hence, herbivores may directly affect the rate of production
of their food but detritivores cannot. This distinction has important
implications for ecosystem functioning as well as for evolutionary
relationships among the organisms (Wiegert and Owen, 1971).

Rigler (1975) argued that the concept of trophic levels hinders
the development of testable hypotheses about the functioning of
ecosystems because many organisms participate in several trophic
levels. He assumed that properties of trophic levels could not be
measured if species were not clearly assignable to a single level. But if
the food habits of organisms are well known, a species can be
partitioned among the appropriate trophic levels. If the trophic
relationships of important species are not well known, they should
be studied. Rather than discarding the concept of trophic levels, we
should recognize its limitations when applied to inadequate data sets
and examine trophic relationships more carefully. Interest in
physicochemical processes has led to description of nutrient cycles
for operational compartments that do not correspond to biological
entities, such as Rigler (1975) suggests for phosphorus. No doubt
much of aquatic nutrient dynamics can be described in terms of
transfers between solutions and particles of various sizes, but
biological components, their response to nutrient availability, and
their impact on nutrient dynamics are of interest to ecologists.

Most ecosystem studies to date have been descriptive, consisting
largely of estimates of compartment sizes anrS o" transfer rates among
compartments and across boundaries to DMLIC possible comparisons
within and among systems. Results from these studies have generally
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showed that in terrestrial systems decomposers process more organic
material than consumers. Heal and MacLean (1975) developed a
general model for calculating ingestion, production, respiration, and
egestion by various heterotrophs if net primary production is known.
They concluded that, even if herbivores consume 29% of net primary
production, the herbivore food web would account for only 13.5%
of heterotrophic respiration. Much of what is consumed by herbi-
vores is egested, and the carcasses from the herbivore food web are
also processed by the detritivore food web. Thus most oxidation of
organic matter occurs in the detritivore web.

Ecologists interested in consumers and their role hi ecosystems
have begun to emphasize the importance of control mechanisms in
determining compartment sizes and transfer rates. This led to the
development of models that indicate the pathways of control as well
as the movement of material within a system [Fig. l (c)] . Herbivores
compete for materials that would otherwise be stored as dead organic
matter or structural materials in plants. Much of what is consumed is
rapidly lost, thereby increasing the rate of supply of materials to
decomposers. In addition, the direct effects of herbivores on
producers (removing their parts) and the indirect effect of decom-
posers (supplying inorganic nutrients) are shown as feedback loops.

My objective hi this paper is to show that herbivores can control
three aspects of mineral cycling hi ecosystems. First, herbivores can
affect the rate of mineral uptake by the organic pool by then* effects
on primary production. Second, herbivores can influence the rate of
loss from the organic pool by their effects on decomposition. Third,
herbivores can change the spatial distribution of minerals because
they are mobile and transport materials.

Few studies have been directly concerned with the role of
herbivores in mineral cycling in natural ecosystems. A substantial
literature exists for pastures and rangelands, however (Wilkinson and
Lowrey, 1973). I do not review this literature thoroughly, but
domestic herbivores are used repeatedly to illustrate the kinds of
impacts that herbivores in general might have. This paper concen-
trates on terrestrial ecosystems because I am familiar with the
literature for t iem, but similar processes should operate hi aquatic
systems.

EFFECTS ON PRIMARY PRODUCTION

The first step in evaluating the effect of herbivory on primary
production is to estimate the proportion of net primary production
that is consumed. Several recent papers summarized the results from



100 BATZLI

studies of consumption rates by herbivores (Golley, 1972; Chew,
1974; Petrusewicz and Grodzinski, 1975; Pimentel, Levin, and Soans,
1975). Most estimates of total consumption include only part of the
herbivore community, just as estimates of terrestrial plant produc-
tion often refer to only aboveground standing crop. Estimates also
show great variability within and among major ecosystem types.
Nevertheless, some interesting patterns emerge.

Herbivores in aquatic systems usually consume more of the
available vegetation than herbivores in terrestrial systems, over 90%
in some cases. However, in some aquatic systems, salt marshes and
eutrophic lakes, as little as 10% of the vegetation may be consumed
(Petrusewicz and Grodzinski, 1975; Pimentel, Levin, and Soans,
1975). In grassland systems mammalian herbivores may take over
50% of the aboveground production, and insects may take 10% or
less in old fields (Golley, 1972). Consumption is usually less than
10% of net primary production in woody ecosystems (Golley, 1972;
Chew, 1974; Pimentel, Levin, and Soans, 1975). Part of the reason
for the low rates of consumption observed is that some plant
material is not really available as food. Plants protect themselves with
physical structures, with chemicals, and with the use of structural
materials of poor nutritional quality for herbivores. Presumably,
these characteristics evolved in response to herbivore grazing pressure
(Gilbert and Raven, 1975).

In general, the more material consumed the greater the impact on
producers, but plants also respond differently to herbivory,
depending on the species, the plant parts removed, and the timing of
removal. Jameson (1963), reviewing the literature en the response of
plants to leaf removal, concluded that removal of a major portion of
herbage reduces aboveground, root, and seed production for the
year. How much is "a major portion" varies from plant to plant, but
maximum range utilization of about 50% of aboveground standing
crop is usually recommended (Hedrick, 1958; Klippie and Costello,
1960). Even this relatively large removal may not reduce annual
production if leaf removal opens a crowded canopy, stimulates
vegetative reproduction, delays plant senescence, or alters the
composition of the vegetation to a more productive species mixture.
Most of these generalizations come from studies using clipping or
domestic grazers; experiments using natural grazing are uncommon.

Several studies indicate that mammalian grazing on grassland can
increase primary production. Vickery (1&72) reported greater net
primary production on fertilized pastures when sheep grazed at
moderate densities (20/ha) than at higher (30/ha) or lower (10/ha)
densities. Tiller production by tundra sedges was greatest when 200
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shoots/m2 had been gnawed; this amount is equivalent to annual
damage done by 30 voles/ha (Smimov and Tokmakova, 1972). The
number of new tillers declined rapidly with heavier or lighter grazing.
McNaughton (1976) found that grazing by wildebeest delayed the
senescence of savannah grasses and increased primary production.

Most forms of herbivory do not seem to increase production by
the grazed plant. Sucking insects reduce the production of infested
trees and herbs (Wiegert, 1964; Andrejewska, 1967; Dixon, 1971a;
1971b), but they may delay the senescence and increase the nitrogen
content of attacked leaves (Osborne, 1973). Kulman (1971), after
reviewing 174 studies of the effects of insect defoliation on trees,
concluded that the reduction in woody growth was proportional to
the degree of defoliation. Rafes (1970), on the other hand,
summarizing Soviet literature on the effect of lepidopteran larvae on
oaks, concluded that defoliations of less than 50% had little effect.
Oaks may be less susceptible to damage by defoliation than other
trees are, but Varley (1967) found summer growth of wood to be a
decreasing linear function of caterpillar densities. These contradictory
results may simply reflect the difficulty of measuring the effects of
light grazing accurately.

The long-term effects of herbivory may be different from the
short-term effects. Reduction in roots, wood, herbage, or seeds of
grazed plants can lead to changes in vegetational composition, a fact
well documented for deterioration of rangeland (Ellison, 1960) and
for biological control of weeds (Harris, 1973). Herbivores that take
only seeds may also have profound effects on vegetational composi-
tion. On the one hand, seed predation may reduce the importance of
particular plants within a community, and, on the other, some plant
species may depend on seed predators as dispersal agents (Mellanby,
1968; Janzen, 1971). Changes in community composition may be
associated with changes in productivity and mineral cycling.

Two methods have been used to evaluate long-term effects of
natural herbivory on production, mathematical simulation and
exclosure. Mattson and Addy (1975) used functional relationships
taken from the literature to simulate the effects of defoliation by
forest tent caterpillars on aspen stands and by spruce budworms on
balsam fir stands. The mathematical model of the aspen stand
responded with decreased production, followed by recovery to levels
comparable to uninfested stands. Production of the balsam fir forest
model was depressed at first, but after 20 years production was
greater in the defoliated stands because of compensatory growth by
woody understory plants. It is not clear, however, how closely these
simulations represent the real world.
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Exclosure studies in tundra indicate that lemming grazing
depresses production of grasses and sedges by 50% during years when
lemming populations are dense (Thompson, 1955; Schultz, 1964).
After 20 years, however, monocot production outside the exclosures
was twice as great as inside. During that time dead organic material
had collected in the exclosures, and, in some places, vegetational
composition had changed (Batzli, 1975a). One reason for the
depression of monocot production may have been the slowing of
nutrient cycling because of slower rates of decomposition.

EFFECTS ON DECOMPOSITION

Most research on the effects of animals on decomposition focuses
on detritivores, but herbivores can also have an effect. Herbivores
often digest half or less of the food they ingest (Petrusewicz and
Grodzinski, 1975; Batzli and Cole, 1977) and produce impressive
amounts of feces. Kajak (1974), summarizing the results from a
large, coordinated study of sheep pastures, concluded that manure
decomposed more rapidly than plant litter. Furthermore, the
presence of manure increased the activity of bacteria and detritivores
and led to increased decomposition rates of plant litter. This
facilitation of decomposition has also been demonstrated by Zlotin
(1971), who found greater decomposition of forest litter when he
added frass from caterpillars.

Not all studies agree that fecal nutrients become rapidly available
to plants. Studies with sheep in Australia indicate that, when organic
phosphorus passes through the gut, much of it is converted to
inorganic CaHPO4 * 2H2O, and this form is not completely soluble
in water until the pH is 5 or less (Barrow, 1975). Release of
phosphorus to plants is also slower if feces are not mixed with soil
(Gunary, 1968), apparently because of reduced root contact and
microbial activity. It may take 2 years for 60% of the phosphorus to
leach from feces on the surface of a sheep pasture under a moderate
rainfall regime (Bromfield and Jones, 1970). Some investigators have
concluded that cycling of phosphorus through ruminants is ineffi-
cient (Wilkinson and Lowrey, 1973).

Most nutrients, including P, Mg, Ca, Fe, Mn, Zn, and Cu, pass
through herbivores and return to the soil primarily in feces. If the
feces are not mixed with soil by detritivores, release of nutrients
from feces may be as slow as or slower than release from plant litter.
Large amounts of potassium, nitrogen, and sulfur return to the soil
in urine, however, and are readily available to plants (Wilkinson and
Lowrey, 1973). Herbivory short-circuits the normal pathway
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through plant litter for urinary nutrients and increases their rate of
cycling. It may also have a similar effect for fecal nutrients insofar as
feces are deposited before the grazed plant parts would normally be
deposited as litter. On the other hand, many nutrients are recycled
internally as plants withdraw nutrients from dying parts and store
them until needed by growing tissue. Deposition of these nutrients
in feces may slow their return to new plant production, and this may
explain why some grazed pastures require 50% more phosphorus
than ungrazed pastures to support maximal plant growth (Ozanne
and Howes, 1971). Clearly, the situation is complex, but herbivores
are strongly implicated as significant control agents of mineral
cycling in pastures.

Much less work has been done on nutrient release from excreta
of wild herbivores. Montgomery and Sunquist (1975) reported that
sloth feces remained identifiable for over 6 months, whereas leaves
disappeared more rapidly on tropical forest floors. They suggested
that the slow decomposition of feces represented a mechanism for
nutrient conservation near the trees where feces were deposited.
Lemming and caribou feces in tundra also remain identifiable for
long periods, at least 4 years. Nevertheless, caribou feces set out in
litter bags lost weight more rapidly than most plant litter (MacLean,
1976). Apparently, it is not safe to conclude that feces effectively
conserve nutrients simply because they do not disintegrate quickly.

Even in forests, where they consume relatively little of the
primary production, herbivores may significantly influence nutrient
release from trees. Potassium, phosphorus, and nitrogen are all found
to be two or three times as concentrated in insect frass as in plant
litter. Under normal circumstances frass may account for 5 to 35% of
the total for these nutrients in litter (Carlisle, Brown, and White,
1966; Eeichle et al., 1973). Kimmins (1972) calculated that serious
defoliation of coniferous trees by sawfly larvae would increase
nutrient losses by about 150%.

Mobile plant nutrients are released by leaching as well as by
litterfall, and half or more of the phosphorus and potassium lost by
trees is released in leachate. Kimmins (1972) monitored the loss of
1 3 A Cs from pine trees with and without sawflies. Additional losses in
the leachate of the grazed trees amounted to ten times that lost in
frass. It seems that damage to leaves by herbivores can greatly
increase the nutrient losses by leaching.

A final example of the influence of herbivores on decomposition
comes from the work of Schultz (1964; 1969) on tundra. Lemming
densities increase and decline dramatically (1000-fold) over a period
of 3 to 6 years. Schultz (1964; 1969) found that concentrations of
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nutrients, particularly phosphorus, calcium, and nitrogen, in the
aboveground parts of monocots were positively correlated with
lemming densities. Nutrient concentrations in ungrazed vegetation
did not fluctuate cyclically. Apparently lemmings controlled the rate
of nutrient release from vegetation. When lemming populations were
low, the standing dead material associated with the perennial
monocots increased. When lemming populations increased, they
released nutrients by clipping the standing dead material, disrupting
the moss and lichen layer, and depositing large amounts of urine and
feces.

REDISTRIBUTION OF MINERALS

One of the most striking effects of domestic herbivores on
pasture is in the redistribution of minerals. Hilder (1966) found that
sheep deposited 65 to 83% of their feces on 50% of thtir paddocks
and concluded that transfer of potassium, magnesium, nitrogen, and
phosphorus to camp areas caused impoverished soils in other parts of
the pasture. Wilkinson and Lowrey (1973) concluded that uneven
distribution of feces contributes to the inefficient recycling of
phosphorus by domestic herbivores in general.

Wild animals also redistribute nutrients. Perhaps the most
dramatic examples are the guano deposits of birds and bats
(Hutchinson, 1950). Although it is not as obvious, the lateral
transport of nutrients by herbivores is also well documented. Soil
nutrients tend to be higher and vegetation grows better around small
mammal burrows and ant hills (Tikhomirov, 1959; Merriam and
Merriam, 1965; Gentry and Stritz, 1972), largely because of the
deposition of excreta and refuse.

Refuse from leaf-cutter ants and nests and mounds of termites
may play an important role in mineral distribution in tropical soils.
Haines (.1975) measured the nutrient content of general forest soil
and the '.oil from nest sites and refuse dumps of leaf cutters..
Nitrogen, phosphorus, potassium, magnesium, and calcium were all
enriched in soil at the dump site, and growth of tree roots was
stimulated there. Lugo et al. (1973) interpreted the role of leaf
cutters as a "mineral cycling pump." Most termites are detritivores,
but many are also herbivores. Because they store food and excreta,
termites produce nutrient concentrations at their nest sites (Lee and
Wood, 1971). Large abandoned termite mounds in Asia and Africa
often support dense growths of trees and shrubs that do not grow
well on the surrounding land.
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The effects of rodents on soils have been reviewed in several
recent papers (DeVos, 1969; Batzli, 1975b; Golley, Ryszkowski, and
Sokur, 1975). Most of the work on soil movement by small mammals
has been done by Soviet biologists (Tikhomirov, 1959; Aburatov,
1972). They have measured dislodged soil from burrows in amounts
up to 19 tonnes ha"1 year"1. In some arid regions rodents transport
more minerals to the -oil surface than plants do, and deposition of
gypsum and carbonates, together with increased leaching, reduces the
salinity of soil near burrows (Dinesman, 1967; Aburatov, 1972).
Burrowing also affects mineral cycling indirectly because it improves
drainage and aeration of soil, thereby increasing decomposition of
organic matter and plant growth.

Lemmings may affect the spatial pattern of soil minerals in a
unique way on polygonized ground {Batzli, 1975a). Polygons consist
of three microtopographic units, basins, rims, and troughs (Fig. 3).
Soil nutrients (particularly phosphorus), soil invertebrate activity,
decomposition rates, and plant production are all highest in tha
troughs, intermediate on the rims, and lowest in the basins. Lemming
activity is concentrated in the troughs, where their food supply and
the winter snow cover are greatest. During winter they forage some
en basins and rims, but deposition of feces is concentrated around
w. a er nests in the troughs. The pattern of soil nutrients is difficult
to explain other than as the cumulative effect of transport by
len nings from the basins to the troughs.

CONCLUSIONS AND FUTURE RESEARCH

This brief synopsis indicates that herbivores do have the potential
to control the temporal and spatial dynamics of mineral cycling in a
variety of ways. Major conclusions are summarized in Table 1. In the
short term, herbivory usually slows the uptake of nutrients by
plants because of reduced primary production. However, because
herbivory also increases the rate of nutrient release by plants, it can
stimulate primary production in the long term. Finally, herbivores
concentrate nutrients in the places where they spend the most time,
such as nest sites, burrows, and loafing grounds. This changes the
spatial distribution of minerals and influences local rates of cycling.

Most of the evaluations of herbivory to date have relied on
descriptive measurements. Although this approach is necessary to
develop hypotheses, field experiments are required to test the
hypotheses, and few have been done in natural ecosystems. Most
manipulations have involved studies of domestic grazers or of plant
responses to artificial clipping. As a result, we know relatively little
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Fig. 3 Polygonal topographic units on tundra near Barrow, Alaska.
Cross section at bottom of map shows scale for horizontal distance
and elevations (after Batrii, 1975a). Soil nutrient content (particu-
larly phosphorus), primary production, and lemming activity
(foraging and fecal deposition) follow the same patterns.

Trough Basin Rim

Primary production
Soil nutrients
Lemming activity

High
High
High

Low
Low
Low

Intermediate
Intermediate
Intermediate

about herbivores as control agents in natural systems. As stated by
Chew (1974), "It is high time ecologists proceed beyond circum-
stantial evidence to broad scale experimental testing of hypotheses
regarding the regulatory role of consumers."

• Two types of field experiments seem most promising. First,
httbivores can simply be removed from the system. Second,
tafotate populations can be manipulated to provide the intensity
«nd frequency o f grazing desired. The second approach is particularly
'send because of the great variability in natural populations. It
"oply may not be convenient to wait 5 years for another dense
Population to develop.



TABLE 1

SUMMARY OF IMPACT OF HERBIVORES ON MINERAL CYCLING

Effects on
primary production

Herbivore (nutrient uptake)

Insects Consumption reduces
productior. of most
plants but may be
compensated by change
in vegetaticmal
composition

Rodents Consumption induces
short-term production
but may increase long-
term production because
of more rapid nutrient
cycling

Ungulates Consumption usually
reduces production,
but selective feeding
may compensate by
reducing senescence or
changing veget&tional
composition

Effects on
decomposition

(nutrient release)

Deposition of
frass stimulates
decomposition, and
damage to leaves
increases leaching
of nutrients

Nutrients released
more rapidly through
urine and feces than
from plant litter

Nutrients usually
released more
rapidly through
urine and feces,
whose decomposition
also stimulates
decomposition of
litter

Effects on
dispersion of

nutrients

Nutrients
concentrated
at nest sites
by ants and
termites

Nutrients
concentrated
at burrows
and nest
sites

Nutrients
concentrated
on loafing
grounds and
near water
sources

References

Kulman, 1971;
Zlotin, 1971;
Kimmins, 1972;
Lugo et al., 1973;
Mattson and Addy, 1976

Tikhomirov, 1959; Merriam
and Merriam, 1965;
Schultz, 1969;
Aburatov, 1972;
Batzli, 1975a; 1975b

Jameson, 1963;
Hilder, 19S6; Wilkinson
and Lowrey, 1973;
Kajak, 1974;
McNaughton, 1976
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It hardly seems necessary to caution scientists that proper
experimental procedure is required if the results are to be adequately
interpreted, but a cursory review of the literature shows that some
cautionary notes are warranted. There is no point in doing an
experiment if the hypothesis has not been carefully stated and its
ramifications have not been examined. We cannot measure all the
variables in ecological systems, and we must give some thought to
deciding which are the best ones to measure. Before beginning a field
experiment, we must establish the initial conditions. No two
ecological units are exactly alike, and intelligent comparison of
results from experimental treatments and controls depends on
knowledge of the initial conditions. The variability in ecological
systems requires that experiments be replicated. The required
number of replications depends on the variability of results, and only
the experimenter can decide how best to use available resources.
Both short-term and long-term results of ecological experiments
should be considered; they may not be the same because the system
may change slowly in response to the treatment. Experiments may
need to be followed over long periods (many years) to eval-
uate the results. Finally, results from field experiments may vary
from year to year because of changes in weather or other ecosystem
components. To sort out factor interactions, we may have to
anticipate them and to monitor other likely factors in addition to
those of direct interest.

The difficulty of field experimentation may discourage some
investigators, but it is the surest way to progress. In the words of a
French noble who was told that it would take 100 years to grow an
oak tree of the kind he envisioned for his garden, "In that case, we
had better start tomorrow."

ACKNOWLEDGMENTS

Development of many of the ideas presented in this paper was
aided by discussions with my colleagues in two programs sponsored
by the National Science Foundation, the U. S. Tundra Biome and
Research in Arctic Tundra Environments. My own research in those
programs was supported by National Science Foundation grants
(GV 33852 and OPP75-12948) to the University of Illinois.

REFERENCES

Aburatov, B. D., 1972, The Role of Burrowing Animals in the Transport of
Mineral Substance* in the SoiUPedobiologia, 12: 261-266.



HERBIVORES IN MINERAL CYCLING 109

Andrejewska, L., 1967, Estimation of Effects of Feeding of the Sucking Insect
Cicadella viridis L. (Homoptera-Auchencrhyncha) on Hants, in Secondary
Productivity of Terrestrial Ecosystems, K. Petrusewicz (Ed.), pp. 791-805,
Institute of Ecology, Polish Academy of Sciences, Warsaw.

Barrow, N. J., 1975, Chemical Form of Phosphorus in Sheep Feces, Aust. J. Soil
Res., 13: 63-67.

fiatzli, G. O., 1975a, The Influence of Grazers on Tundra Vegetation and Soils,
in Proceedings of the Circumpolar Conference on Northern Ecology,
pp. I 215-225, Natural Resources Council, Ottawa, Canada.
, 1975b The Role of Small Mammals in Arctic Ecosystems, in Small
Mammals: Their Productivity and Population Dynamics, F. B. Golley,
K. Petrusewicz, and L. Ryszkowski (Eds.), pp. 243-268, Cambridge Univer-
sity Press, New York.
, 1974, Production, Assimilation and Accumulation of Organic Matter in
Ecosystems, J. Theor. Biol., 45: 205-217.
, and F. R. Cole, 1977, Nutritional Ecology of Microtine Rodents:
Digestibility of Forage, submitted to J. Mamm.

Bromfield, S. M., and O. L. Jones, 1970, The Effect of Sheep on the Recycling
of Phosphorus in Hayed-Off Pastures, Aust. J. Agric. Res., 21:669-677.

Carlisle, A., A. H. F. Brown, and E. J. White, 1966, Litter Fall, Leaf Production
and the Effects of Defoliation by Tortrix viridiana in a Sessile Oak (Quercus
petraea) Woodland, J. Ecol, 54: 65-85.

Chew, R. M., 1974, Consumers as Regulators of Ecosystems: An Alternative to
Energetics, Ohio J. ScL, 74: 359-370.

DeVos, A., 1969, Ecological Conditions Effecting the Production of Wild
Herbivorous Mammals on Grasslands, Adv. Ecol Res., 6:137-183.

Dinesman, L. G., 1967, Influence of Vertebrates on Primary Production of
Terrestrial Communities, in Secondary Productivity of Terrestrial Eco-
systems, K. Petrusewicz (Ed.), pp. 261-266, Institute of Ecology, Polish
Academy of Sciences, Warsaw.

Dixon, A. F. G., 1971a, The Role of Aphids in Wood Formation. I. Effect of
Sycamore Aphid on Acer pseudoplatanus, J. Appl. Ecol,, 8:165-170.
, 1971b, The Role of Aphids in Wood Production. II. The Effect of the Lime
Tree Aphid Eucallipterus tillae L. (Aphididae) on the Growth of Lime,
Tillia X vulgaris Hayne, J. Appl. Ecol, 8: 393-399.

Ellison, L., 1960, Influence of Grazing on Plant Succession of Rangeland, Bot.
Rev., 26:1-78.

Gentry, J. B., and K. L. Stritz, 1972, The Role of the Florida Harvester Ant,
Pogonomyrmex badius, in Old Field Mineral Nutrient Relationships,
Environ. Entomol, 1: 39-41.

Gilbert, L. E., and P. H. Raven (Eds.), 1975, Coevolution of Animals and Plants,
University of Texas Press, Austin.

Golley, F. B., 1973, Impact of Small Mammals on Primary Production, in
Ecological Energetics of Homeotherms, 3. A. Gessaman (Ed.), pp. 142-147,
Utah State University Press, Logan.
, 1972, Energy Flux in Ecosystems, in Ecosystem Structure and Function,
J. A. Wiens (Ed.), pp. 69-90, Oregon State University Press, Corvallis.
, L. Ryszkowski, and J. T. Sokur, 1975, The Role of Small
Mammals in Temperate Forests, Grasslands and Cultivated Fields,, in Small
Mammals: Their Productivity and Population Dynamics, F. B. Golley,
K. Petrusewicz, and L. Ryszkowski (Eds.), pp. 223-242, Cambridge Univer-
sity Press, New York.



110 BATZLI

Gunary, D., 1968, The Availability of Phosphorus in Sheep Dung, J. Agric. ScL,
70: 33-38.

Haines, B., 1975, Impact of Leaf-Cutting Ants ca Vegetation Development at
Barro Colorado Island, in Tropical Ecological Systems, F. B. Golley and
E. Medina (Eds.), pp. 99-111, Springer-Verlag, New York.

Harris, P., 1973, Insects in the Population Dynamics of Plants, Symp. Roy. Ent.
Soc. London, 6: 201-209.

Heal, O. W., and S. F. MacLean, Jr., 1975, Comparative Productivity in
Ecosystems—Secondary Productivity, in Unifying Concepts in Ecology,
W. H. van Dobben and R. H. Lovre-McConnell (Eds.), pp. 89-108, Junk, The
Hague.

Hedrick, D. W., 1958, Proper Utilization—A Problem Evaluating the Physio-
logical Response of Plants to Grazing Use: A Review, J. Range Manage., 11:
33-43.

Hilder, E. J., 1966, Distribution of Excreta by Sheep at Pasture, Proc. Int.
Grassl. Congr., 10th, 977-981.

Hutchinson, G. E., 1950, The Biogeochemistry of Vertebrate Excretion, Bull
Amer. Mus. Nat. Hist., 96: 1-554.

Jameson, D. A., 1963, Responses of Individual Plants to Harvesting, Bot. Rev.,
29: 532-594.

Janzen, D. J., 1971, Seed Predation by Animals, Annu. Rev. EcoL Systemat, 2:
465-491.

Kajak, A., 1974, Analysis of a Sheep Pasture Ecosystem in the Pieniny
Mountains (the Carpathians). XVII. Analysis of the Transfer of Carbon,
Ekol. Pol, 22: 711-732.

Kimmins, J. P., 1972, Relative Contributions of Leaching, Litter Fall and
Defoliation by Neodiprion sertifer (Hymenoptera) to the Removal of
Cesium-134 from Red Pine, Oikos, 23: 226-234.

Klipple, G. E., and D. F. Costello, 1960, Vegetation and Cattle Responses to
Different intensities of Grazing on Shortgrass Ranges on the Central Great
Plains, Technical Bulletin 1216, U. S. Department of Agriculture.

Kulman, H. M., 1971, Effects of Insect Defoliation on Growth and Mortality of
Trees, Annu. Rev. Entomol, 16: 289-324.

Lee, K. E., and T. G. Wood, 1971, Termites and Soils, Academic Press, Inc., New
York.

Likens, G. E., and F. H. Bormann, 1972, Nutrient Cycling in Ecosystems, in
Ecosystem Structure and Function, J. A. Wiens (Ed.), pp. 25-67, Oregon
State University Press, Corvallis.

Lindeman, R. L., 1942, The Trophic—Dynamic Aspect of Ecology, Ecology, 23:
399-418.

Lugo, A. E., E. G. Faraworth, D. Pool, P. Jerez, and G. Kaufman, 1973, The
Impact of the Leaf Cutter Ant Atta colombica on the Energy Flow of a
Tropical Wet Forest, Ecology, 54:1292-1301.

MacLean, S. F., 1976, University of Alaska, Fairbanks, personal communication.
Mattson, W. J., and N. D. Addy, 1975, Phytophagous Insects as Regulators of

Forest Primary Production, Science, 190: 515-521.
McNaughton, S. J., 1976, Serengeti Migratory Wildebeest: FacUitation of Energy

Flow by Grazing, Science, 191: 92-94.
Kellanby, K., 1968, The Effects of Some Mammals and Birds on Regeneration

of Oak, J. Appl. EcoL, 5: 359-366.
Merriam, H. G., and A. Merriam, 1965, Vegetation Zones Around Woodchuck

Burrows, Can. Field-Nat., 79:177-180.



HERBIVORES IN MINERAL CYCLING 111

Montgomery, G. G., and M. E. Sunquist, 1975, Impact of Sloths on Neotropical
Forest Energy Flow and Nutrient Cvcling, in Tropical Ecological Systems,
F. B. Golley and E. Medina (Eds.), pp. 69-98, Springer-Verlag, New York.

Odum, E. P., 1975, Ecology: The Link Between the Natural and Social Sciences,
2nd ed., Holt, Rinehart & Winston, Inc., New York.

Osborne, D. J., 1973, Mutual Regulation of Growth and Development in Plants
and Insects, Symp. Soy. Ent. Soc. London, 6: 33-42.

Ozanne, P. G., and K. M. W. Howes, 1971, The Effects of Grazing on the
Phosphorus Requirement of an Annual Pasture, Aust. J. Agric. Res., 22:
81-92.

Petrusewicz, K., and W. L. Grodzinski, 1975, The Role of Herbivore Consumers
in Various Ecosystems, in Productivity of World Ecosystems, D. E. Reichle,
J. F. Franklin, and D. W. Goodall (Eds.), pp. 64-70, National Academy of
Sciences, Washington, D. C.

Pimentel, D., S. A. Levin, and A. B. Soans, 1975, On the Evolution of Energy
Balance in Some Exploiter—Victim Systems, Ecology, 56: 381-390.

Rafes, Pi M., 1970, Estimation of the Effects of Phytophagous Insects on Forest
Production, in Analysis of Temperate Forest Ecosystems, D. E. Reichle
(Ed.), PP. 100-106, Springer-Verlag, New York.

Reichle, D. E., R. E. Goldstein, R. I. Van Hook, Jr., and G. J. Dodson, 1973,
Analysis of Insect Consumption in a Forest Canopy, Ecology, 54:
1076-1084.

Rigler, F. H., 1975, The Concept of Energy Flow and Nutrient Flow Between
Trophic Levels, in Unifying Concepts in Ecology, W. H. van Dobben and R. H.
Lowe-McConnell (Eds.), pp. 15-26, Junk, The Hague.

Schultz, A. M., 1969, A Study of an Ecosystem: The Arctic Tundra, in The
Ecosystem Concept in Natural Resource Management, G. Van Dyne (Ed.),
pp. 77-93, Academic Press, Inc., New York.
, 1964, The Nutrient-Recovery Hypothesis for Arctic Microtine Rodents. II.
Ecosystem Variables in Relation to Arctic Microtine Cycles, in Grazing in
Marine and Terrestrial Environments, D. Crisp (Ed.), pp. 57-68, Blackwell,
Scientific Publications, Ltd., Oxford.

Smirnov, V. S., and S. G. Tokmakova, 1972, Influence of Consumers on Natural
Phytocoenosis Production Variation, in Tundra Biome, Proceedings of the
4th International Meeting on Biological Production of the Tundra, Lenin-
grad, F. E. Wielgolaski and T. RosswaU (Eds.), pp. 122-127.

Thompson, D. Q., 1955, The Ecology and Population Dynamics of the Brown
Lemming (Lemmus trimucronatus) at Point Barrow, Alaska, Ph. D. Thesis,
University of Missouri, Rolla.

Tikhomirov, B. A., 1959, Relationship of the Animal World and the Plant Cover
of the Tundra, Botanical Institute, Academy of Sciences, USSR, translated
by E. Issakoff and T. W. Barry, Boreal Institute, University of Alberta,
Edmonton.

Varley, G. C , 1967, The Effects of Grazing by Animals on Plant Productivity,
in Secondary Productivity of Terrestrial Ecosystems, K. Petrusewicz (Ed.), pp.
773-778, Institute of Ecology, Polish Academy of Sciences, Warsaw.

Vickery, P. J., 1972, Grazing and Net Primary Production of a Temperate
Grassland, J. Appl. Ecol., 9: 307-314.

Wiegert, R. G., 1964, Population Energetics of Meadow Spittle-Bugs (Philaenus
spumarius L.) as Affected by Migration and Habitat, Ecol. Monogr., 14:
393-479.



112 BATZLI

, and D. F. Owen, 1971, Trophic Structure, Available Resources and
Population Density in Terrestrial vs. Aquatic Ecosystems, J. Theor. BioU, 30:
69-81.

Wilkinson, S. R., and R. W. Lowrey, 1973, Cycling of Mineral Nutrients in
Pasture Ecosystems, in Chemistry and Biochemistry of Herbage, G. W. Butler
and R. W. Bailey (Eds.), Vol. II, pp. 247-315, Academic Press, Inc., New
York.

Zlotin, R. I., 1971, Invertebrate Animals as a Factor of the Biological Turnover,
in Organisms du sol et production primaire. IV. Colloquium pedobiologiae,
pp. 445-462, Annales de Zoologie—Ecologie animate, Versailles.



IS THERE A PARADIGM
FOR NUTRIENT CYCLING?

GEORGE S. INNIS, Department of Wildlife Science,
Utah State University, Logan, Utah

ABSTRACT

Three paradigms for nutrient cycling studies are described: an inventory
paradigm, in which emphasis is on the state variables of the system; a dynamic
paradigm, in which emphasis is on flows among the state variables; and a
cybernetic paradigm, in which emphasis shifts to controls operating on the
flows. It is argued that the cybernetic paradigm is growing in favor because only
this model has the potential of addressing questions about responses of a system
to an environmental perturbation. Thus, despite its shortcomings, future studies
should employ this paradigm.

A paradigm is a..model or pattern, and clearly there are several
models or patterns for nutrient cycling. It is necessary, therefore, to
define the question more carefully to make it interesting and
answerable.

Most, if not al3%<mtrient cycling studies begin with the premises
discussed here. These* premises delimit the problem and help to
define it but, because of the complexity of a nutrient cycle, are not
sufficient to define the problem completely, even in a specific
context. We find, then, that several distinct paradigms (rattier
arbitrarily defined in a continuum of patterns for studies) emerge.
These occur in other fields in a similar sequence, and it is useful to
realize that the progression through which we are passing in our
search for a paradigm is common to other sciences. It is also useful to
see where we are in this progression and to plan our next steps.
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PREMISES

INNIS

Conservation of matter (elements) states that matter (elements)
cannot be created or destroyed; this is a basic premise of most
nutrient cycling studies. Conservation of a nutrient, n, allows the
formulation of general expressions for individual components of the
system, e.g., An = At (net flow rate of n into and out of the
component) and its companion differential formulation, dn/dt - net
flow rate of n into or out of the component.

Conservation is also applied to flows of the type discussed
previously (Miller, Cole et al., and Batzli, this volume) and shown in
Fig. 1. In this application matter leaving a compartment on a path
(flow) enters the compartment at the other end of the path. This
property facilitates tracking material flowing through the system.

Fig. 1 Forrester diagram of * hypothetical nitrogen cycle allowing
lones to and gain* from the environment.

Combining these two applications of the principle of conserva-
tion (for flows and compartments) allows the equations to be applied
to compartments, subsystems, and the entire system. Indeed,
conservation is such a powerful analytical and diagnostic tool that it
is built into some simulation languages (Gustafson and Innis, 1972).

A second, rarely challenged, premise of most nutrient models is
that nutrients cycle in the sense that, when an atom of a flowing
element is labeled at some point in the system, there is a high
probability that it will return to the labeling point at some future
time. In fact, of course, the cycle is not perfect; the time to return is
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not periodic, and every atom does not return to its labeling point.
But the title of this meeting, which contains the word cycling; the
diagrams presented by most of the speakers; and the methods of
study used indicate the pervasiveness of this premise.

The cycling premise can be challenged on two counts: (1) There
are objections to the use of the word cycle for phenomena that are
only approximately cyclic. (2) The distinction between cyclic
(approximately) and noncyclic behavior may inhibit good research
and communications (Rigler, 1975).

The premises of conservation and cycling are the foundations of
the nutrient cycling paradigm. They dictate a model that is common
to most research in the area. This paper focuses on the interactions
of these premises and an emerging paradigm for nutrient cycling
research.

THREE PARADIGMS

The compartment-flow diagram is well suited to represent
conservative systems. Nutrients that flow from a compartment along
a path flow into the compartment at the end of the path. For each
compartment the change in amount is the net of all inflows and
outflows (Fig. 1). The "cyclic" flow of some nutrients is easily
depicted in such a diagram.

Implementation (i.e., mathematical and computer representa-
tion) of such a model requires knowledge of the form, location, and
movement of the nutrients. This knowledge is the product of
descriptive studies in which pools of nutrients are measured. The
search follows the first of the paradigms I will identify—the
inventory paradigm. This paradigm ascertains the static disposition of
a substance by measuring pool sizes at different times. For the
diagram in Fig. 1 the inventory paradigm focuses attention on the
compartments.

Scientists studying the flow of nutrients recognize immediately
that, for all their significance as starting points, the products of the
inventory paradigm are not sufficient to describe the dynamics of the
system—the paths of flow cannot be determined from, inventory
data alone. The second research paradigm, the dynamic paradigm,
seeks to describe the paths and amounts of flow through a system
like that in Fig. 1. Experimentation is generally required to separate
paths and estimate flows. New techniques (vis-a-vis the inventory
study) and a great appreciation of the biological and physical
processes in the system are required.
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Despite the added cost and complexity associated with the
dynamic paradigm, these studies do not provide the information
needed to predict the response of the system to a combination of
disturbances not previously observed. This capability requires a
knowledge of the controls that operate on the flows. Controls are
shown as "bow ties" in Fig. 1. The dashed arrows identify the factors
controlling the flows, but the means by which control is effected are
not shown.

The third research paradigm, the cybernetic paradigm, is con-
cerned with controls, how they operate on flow's, and the effects of
flows on the compartments. P. C. Miller's exercises with the
lichen—caribou—eskimo and the nutrient recovery models (this
volume) provide evidence that some models are more sensitive to
controls than to flows or components. These sensitivity studies are
incomplete, of course. For example, some modeb approach com-
pletely different states as time increases (asymptotic behavior),
depending on initial conditions. Thus theorems to the effect that the
final state is determined more by controls than by flows or
compartments are weak; the conditions for these theorems are
sufficient, are not necessary, and are often conservative. Neverthe-
less, the final state (or trajectory) is frequently sensitive to details of
the flow processes, i.e., to controls.

Knowledge of system controls cannot be obtained by an
inventory of the system or a description of the flows. The
mechanisms whereby flows achieve their observed values must be
elucidated. Designing appropriate experiments is limited, however,
by (1) the dimensionality of the problem and (2) the methodological
state of the art.

Dimensionality has long been recognized as a problem in
biological studies. A given flow is controlled by many different
factors, and the relative impact of the factors changes with time.
Sufficient replication of the experiments needed to isolate the
factors is almost impossible; the methodology for accurate measure-
ment of the factors is unavailable; and the statistical design and
analysis is complicated and requires sophisticated treatment. Let us
consider four factors, each with only three levels influencing a single
flow. If 10 replicates are required to achieve a specified accuracy,
then 120 experiments are indicated. Each of these numbers is small
for many interesting nutrient flows in an ecological system. The
number of factors can easily be 10; the number of important levels
for each factor can be 5 or more; and the number of replicates
required can be quite large. Each flow in the system demands this
detailed attention! It is no surprise, given these numbers, that some
investigators doubt the utility of cybernetic ecosystem studies. Nor is
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it surprising that, as Miller indicated, the emphasis in ecosystem
research continues to be on inventory studies.

Methodologies for flow and control measurement in nutrient
cycles are limited (as indicated by Cole et al. and Batzli, this
volume). Many measurements are indirect (e.g., nutrient uptake rates
from differences in concentration of labeled material) and are
focused on the more apparent flows. Research based on indirect
measurements may be deficient in (1) measuring the desired quantity
because of ignorance of the cycle under study, (2) averaging over
long time intervals or over large numbers of organisms, (3) noting
factors not of direct interest to the study (e.g., nutrient uptake
studies in which plant phenological stage is not recorded), and (4)
using destructive sampling techniques wherein sample-to-sample
variability may obscure important effects.

None of these points is new. Each investigator has thought them
through, and each responds differently to the difficulties of nutrient
cycling research. For instance, we can decide that these problems are
beyond solution and choose to work elsewhere, e.g., with the
inventory or dynamic paradigm. Alternatively, we can decide that
some piece of this puzzle is interesting and can concentrate on that,
e.g., on methodological studies or studies of one or a few processes.
Finally, we can decide that the benefits to be obtained from the
cybernetic paradigm are great enough to warrant using that ap-
proach.

Some nutrient cycling investigators have adopted this latter
position because of the nature of their jobs and a frustration with
partial answers (and with approaches that offer only partial answers).
For these individuals the overwhelming complexity of a direct attack
on the cybernetic system is a challenge to be addressed. This is where
mathematical modeling plays a role. Both flows and controls in a
nutrient cycle can be ranked along several axes by experts. These
rankings are based on the importance of the flow to the study
(objectives), available knowledge of the process, et cetera. Once
ranked, the less important and the better known axes can be treated
using published (or other) information. The important and poorly
studied ones are the focus of experiment and simulation. Mathemati-
cal models allow hypothesized flows and controls to interact in a
simulation of the cycle.

If the simulated results differ from observed (or intuitively
reasonable) characteristics, there is opportunity to learn. Which
hypothesis failed? Why? The process of analyzing a model to locate
the reason for unexpected behavior is a frustrating, time-consuming,
educational experience. It often takes 2 years of fairly intensive
effort before model output is sufficiently realistic to produce
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interesting results. These 2 years are spent learning about modeling,
describing the system mathematically, searching the literature for
parameter values and hypotheses, and searching computer output for
errors. When you have a model whose component parts seem to be
consistent with intuition and data and when the obvious logic,
coding, and mathematical errors are gone, the model results are still
inconsistent with observations.

When they reach this point, investigators usually have the
following characteristics: (1) Th»y are momentarily satisfied with a
large collection of hypotheses about the system under study. (2)
They have several sharp and focused hypotheses that they feel
deserve immediate laboratory and field study. (3) They see as
important the analysis of hypotheses that are of secondary impor-
tance to colleagues. (4) They can give incisive description:! of the
cycles under study (see Cole et aL, this volume). I would not argue
that modeling the system is the only way to achieve these
characteristics. All experts possess them to some extent. I would
argue that modeling is a quicker route to these results than any other
I know.

Nor would I argue that the "completed" model is a great tool for
other investigators. The model may contain tested and untested
hypotheses that would be useful to any investigator, but a model
always contains weaknesses appreciated only by its builder. Model
results must be interpreted in the context of these weaknesses. I have
discussed model utilities at length elsewhere (Innis, 1972; 1975). It
suffices here to reiterate the importance of modeling as a tool—a
device that furthers the pursuit of the cybernetic paradigm. The
principal result is the impetus to good research; a much less
significant result is the model.

When model results agree with observations, little, if anything,
can be concluded. Hypotheses in empirical science cannot be proven.
Model validation involves comparing model output with observa-
tions. The result of a favorable validation exercise (i.e., when model
and observations agree) is some confidence that the hypotheses
incorporated are sufficient to generate the observed behavior. To
conclude that a favorable validation exercise proves that the model is
a good representation of the system is to argue that correlation
proves causation. Acceptance of a collection of hypotheses is a long
process in which there are iterations of the hypotheses and tests.
Only after the hypothesis has been subjected to and passed a variety
of tests under a number of conditions does it assume respectability.

Different experts propose different hypotheses about the opera-
tion of a given control. One of the beauties and utilities of
mathematical models is that they enable us to experiment with
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different hypotheses to evaluate their explanatory strengths and
weaknesses. This activity must honor the role of objectives in the
modeling effort and must omit hypotheses that do not further
the achievement of that objective. Still, after a model has reached
some level of development and checking, simulation serves as an area
for elucidating inconsistent hypotheses.

Surely the activities of the inventory, dynamic, and cybernetic
paradigms must follow one another in that order. It is difficult to
know when to abandon one paradigm for the next. But I feel that
the papers presented in this volume argue compellingly for the need
to develop and implement the cybernetic paradigm in nutrient
cycling studies. More inventories and dynamic descriptions will be
needed, but, for these to best serve the goals of system understanding
and prediction, they should be conducted as part of the cybernetic
paradigm activities. It is common to hear investigators with good
simulation models speak of data paradoxes, i.e., too much of some
kinds of data and too little of others. These paradoxes would occur
less often if the studies were designed from the cybernetic viewpoint.

Kuhn (1962) discusses the problems of communication between
individuals with different paradigms and the pattern (or paradigm)
for paradigm change. His observations are useful to us when we try
to appreciate the commonalities of the problems faced in nutrient
cycling studies and other scientific pursuits. Communication across
paradigm boundaries is difficult because there is a tendency to use
words with different connotations in the different paradigms.
"Dynamic" can refer to anything from inventory differences to
mechanistic representations. Within a paradigm the connotation is
usually shared and understood, but between individuals with
different paradigms this is often not so, and confusion results.

Paradigm change is difficult. The old has been productive and
useful—it is familiar. The new is unproven and strange. A move to a
new model is justified only when the old begins to fail. The extent of
failure of a paradigm is perceived differently by different investiga-
tors; thus there are different rates of acceptance of new models. The
quickest to perceive and announce weaknesses in the old models are
young investigators and outsiders. They have a fresh outlook and less
commitment to the old. They may rush in where the better-informed
would fear to tread. Thus periods of paradigm change are periods of
relative chaos; with newcomers playing expert, nonscience (if not
nonsense) being inserted into scientific discussions, and philosophy
playing a greater role. Nutrient cycling research is in a period of
paradigm change.

This is a period of vigor because each of us realizes that both our
methods and our results will be scrutinized. Replication will be
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necessary to find "truths" that are not artifacts of a particular
approach or method. Progress will seem slow because there must be
more thought and less action (certainly less frantic action).

The emerging paradigm for nutrient cycling studies is the
cybernetic. Despite all the weaknesses of dimension and methodol-
ogy, all the overblown claims and failures, and all Lie inventories and
dynamic budgets that are still needed, nutrient cycling studies in
terrestrial ecosystems have progressed to the point where all future
studies should be cast in the cybernetic paradigm. These studies will
be characterized by their multidimensionality, their methodological
advances, their use of models as a tool, and their potential for solving
some real nutrient cycling problems.
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ABSTRACT

It is often desirable to simplify a linear compartmental flow model by lumping
some of the compartments together to produce a model of reduced dimension.
In fact, the formulation of any compartmental flow model includes the tacit
lumping together of subcompartments that are assumed to behave approxi-
mately the same. Errors in the nutrient concentrations in each compartment are
introduced, however, by lumping together compartments with nonidentical flow
rates. Upper and lower bounds for the concentrations in the lumped compart-
ments at any time are found as solutions to a system of linear differential
equations. Methods to improve the lumped model by weighting some sub-
compartments more heavily than others and by using information about the
relative proportions cf the nutrient in each subcompartment are investigated.
Examples are givsn applying these techniques to nutrient cycling models, and
some conclusions are drawn about conditions under which compartments can be
lumped together without introducing significant error.

A crucial step in the formation of any compartmental flow model for
nutrient cycling is choosing the compartments, and any such choice
involves lumping together subcompartments. For example, when
studying a forest, we could consider each tree as a separate
compartment, but, this would lead to such unwieldy mathematics
that we could not see the forest for the trees. Thus we would use a
compartment composed of all trees of a similar type, one of all stems
and another of all leaves, or even a compartment of all trees. When
we form a large compartment by lumping together smaller ones, we
sacrifice precision and realism in favor of generality and easier
mathematics. Even after a model is formulated, we may wish to
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condense it further for purposes of analysis or comparison with other
models. There is always a nagging worry that the results from our
simplified model are totally meaningless. Zeigler and Weinberg
(1970) and Wiegert (1975) investigated the effects of compartment
lumping in specific models.

We will consider the linear compartments! flow model

(1)

where x and r are vectors and P is a- matrix, whose biological
interpretation (along with other notation) is given in Appendix A. We
will assume that the state variables x(t) in the systems discussed are
nutrient concentrations and are, therefore, nonnegative.

LUMPED
SYSTEM

Fig. 1 Flow diagrams for an original and a lumped system.
Compartments 1 to 3 of the original system are combined to form
compartment L of the lumped system.

Suppose we want to simplify a system by lumping the first m
compartments together (see Fig. 1). We rewrite Eq. 1 in partitioned
form:

(2)
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where x is an m dimensional vector, y is an n dimensional vector, and
A, B, C, and D are appropriately dimensioned submatrixes of the
matrix P. (The concentrations of the last n compartments are yi, and
the flows into these compartments are Sj.) We will sometimes refer to
compartments Xj or yi, but strictly speaking XJ is the concentration
of nutrient in that compartment.

The concentration of nutrient in the compartment formed by
lumping together fhe compartments x; is given by

Appendix B shows that

Ly. \ ;.. _ l l l + r l (4)
m m

where p = 2 r{, bj = 2 by, and c(t) and a(t) are given by

(5)
2

i

}c

m

L c ikxk(t)

| xk(t)

2 aikxk(t)
# ( 6 )
2 xk(t)k«l

Since all the state variables xk are assumed to be nonnegative, there
are bounds, c{", cf1, am , and o?*, for Cj(t) and a(t); these are defined
*>y

c f = niin qs < Cj(t) < max cy ~ cf1 (7)

ft"9 = min ( 1 a ik) ;< a(t) < max ( ^ alk) = « " (8)

With no other restrictions on xk , it is possible for Cj(t) or a(t) to
equal either the upper or lower bound in Eqs. 7 and 8, because all
but one of the variables xk could be zero. Since a(t) and c(t) depend
on the concentrations xk(t) of the subcompartments (which ace hot
known without solving the unlumped system), they are usually
replaced by constants computed by using constant values for xk(t) in
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Eqs. 5 and 6. But there is no indication how well the solution of the
constant coefficient equation approximates the solution of Eq. 4.

The next section gives a method of overcoming these difficulties
by computing upper and lower bounds for solving Eq. 4 from the
bounds for a(t) and c(t) given in Eqs. 7 and 8 by the use of the
theory of differential inequalities. Later sections explore ways to
reduce the difference between the upper and lower bounds, first, by
using a weighted average of Xk .for s instead of Eq. 3 and, second, by
using a limited amount of information that may be known about the
subcompartments xj. Two examples are given, one in which lumping
works well and one in which it is difficult.

RESULTS

Bounds for Solving the Lumped System

The following theorem is a generalization of the basic theorem of
linear differential inequalities for matrixes with nonnegative off-
diagonal elements (Beckenback and Bellman, 1965) to matrixes that
may have negative off-diagonal elements.

Definition

For a given matrix M. we define Mp and MN by

-t-C

for Ely 5.
for mjj <

for mj j <

otherwise

0
0

0

i * j

i * j

i" j

Thus Mp is formed from M by replacing all negative off-diagonal
elements by zero, and MN is formed from M by replacing all diagonal
and all positive off-diagonal elements by zero.

Theorem

If x(t) is the solution of x' - A(t)x + r and G and H are matrixes
such that

gij < ajj(t) < by for every i j (9)
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u(t) and v(t) are vectors satisfying

(10)

and

u(0) = x(0) = v(0) (11)

then u(t) < x(t) < v(t) as long as u(t) remains positive.
The proof is given in Appendix C.
This theorem can be applied to compute upper and lower bounds

for z(t) and y(t) of the lumped model (Eq. 4) with the use of the
bounds for a(t) and c(t) given in Eqs. 7 and 8.

Comments

(1) If cm and cM and am and a** are near each other, then the
lower bound, u(t), and the upper bound, v(t), have similar dynamics.
If, in addition, the matrix in Eq. 10 is stable, they will appro >ch
equilibrium values close together, making lumping an effective
procedure.

(2) For cm to be close to cM requires similar specific flow rates
between compartments where the rate is controlled by subcompart-
ments of the lumped compartment z (out of or into the subcompart-
ment .If the flow is donor or recipient controlled, respectively). It
does not, however, require similar flow rates to or from subcompart-
ments of compartment z when the flow is controlled by compart-
ments outside compartment z.

(3) In the case of donor-controlled nutrient flows, all the
off-diagonal entries of both the original and the lumped model
matrixes are nonnegative, GN and H™ are zero matrixes, and the
system (10) reduces to two independent systems, which are much
easier to solve.

[Gp GN1 F G p —GN1
•TN ,TP I is similar tol »»N u p I, and hence the
H a* j L—ti tr y

theory of nearly nonnegative matrixes can be applied to analyze the
stability of Eq. 10 (see Gunderson and Underwood, 1975).

Reducing Error by Wtifliting Lumped Subcompartmentt

Often the difference between the upper and lower bounds, v and
u, can be reduced by weighting the subcomponents of compartment
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z. Thus, instead nf defining z ' y Eq. 3, we choose a positive
weighting vector, \ nd let

z = wTx=_f^x5 (12)

Then

(13)
D JLyJ '

with

" **"" (14)

Thus we can redefine a™, o*1, c}11, and cf* by

i-l i-1

cr - min g^< ci(t) < max §*=* c?1 (17)

We would like to choose w to minimize the difference between u(t)
and v(t), but this appears to be an intractable problem to solve
analytically and too time-consuming to solve numerically. The next
best solution is to minimize the difference between aM and a"1 and
between cf* and c™.

In many cases we can make cF1 = a"1. If A has an eigenvalue a*
whose corresponding left eigenvector w has all positive entries, then

for all t and all x(t).
If, for a given i, each entry Cjt in row i of the matrix C is positive,

we can make ef1 = c-11 by taking w^ " Cjk for each k. Biologically this
means that each subcompartment x* is weighted proportionally to
its effect on compartment yi. When the rows of the matrix C are
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approximately proportional to each other and to a positive left
eigenvector of A, lumping by wing a weighted sum of the
subcompartments can be very effective. Highly nonproportional rows
in C indicate that lumping may introduce substantial errors.

Using Bounds on the Subcompirtment Concentrations

So far we have assumed only that each subcompartment
concentration xk equals or is greater than zero for all times t, but
often more will be known about the system. For some weighting
vector w (w can be a vector of all 1 's), we let

and assume enough is known about the system to guarantee that
there are bounds \ and Uk such that

*k< £k<Mc (20)

for all times t (£k is the weighted proportion of nutrient in the
lumped compartment which is in subcompartment k). We then let

and

gik = gjf (22)

and, from Eqs. 14 and 15, we can compute improved bounds a™,
oP, ef\ and cf* for a(t) and ctft) by

am = min £ fk£k cP = max £ *k£k (23)
k-l t-l

(24)

subject to the constraints

l l k = l O a i < ? i < C k < l forallk (25)
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Equations 23 to 25 can be viewed as a set of simple linear
programming problems. The solution for am can be described as
follows: Renumbering the variables if necessary, we can assume that
fi < . . . < fi < 0 < fi+i < < fm and can form the sum

. . . + Xm (26)

If s is less than 1, we increase Ai+i until s = 1 or until Xj+i = /nj+i. If
the latter event happens first, we then increase \\+2 until s = 1 or
Xj+2 = M+2> etc. If s is greater than 1, we decrease jU] to X], fi\-i to
V l , etc., until s equals 1. Because of the constraints in Eq. 25, for
some subscript q,

1 = X, + . . . + V l + ? q + J " q + l + --- + Jtlm *k < £q < **q (27)

and

« m = f, X, + . . . + fq-lXq.j + fq{q + fq+lj(lq+l + . . . + fm/Xm (28)

Similar procedures yield a*1, cf\ and c f .
When the rows of C are highly nonproportional, no one weight-

ing vector w will make cf* close to c f for all L In this case it may be
better to choose w to minimize max(jU]c — Xjc); this requires weight-
ing most heavily those compartments with the largest fluctuations.
Additional information such as that assumed in Eqs. 19 and 20 can
greatly reduce the uncertainty in the lumped model but actually
makes the problem of the best choice of w more complicated.

Example I

A system corresponding to the flow diagram of Fig. 1 was made
up to show a case where applying the theorem to the lumped system
gives a good approximation to the unlumped system. Figure 2 shows
the actual value of y2 (t) computed from the unlumped system plus
bounds for y2(t) computed from three different lumping methods.
The simple lumping method described by Eqs. 4, 7, and 8 yields
curve la, weighting by a left eigenvector of the upper left submatrix
(Eqs. 16 to 18) yields curve lb , and using bounds on the
subcompartments (Eqs. 19 to 28) yields curve lc . The numerical
details are given in Appendix D.

Example 2

The 7 by 7 system given in Appendix D has been used to model
the flow of nitrogen in an oak-4iickory forest at the Coweeta
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1 2 3 4
TIME, years

Fig. 2 Graph of y2(t) vs. time for example 1. The actual value of
y2(t) is computed from the original differential equation, and the
upper and lower bound* are computed from the bounds on the
lumped system described in examples la, lb, and lc, Appendix D.

Hydrologic Laboratory in the southern Appalachian area (Waide and
Swank, 1975). The system was lumped into four compartments,
z'= B(t)z with Zj =Xi;z2 = x2 + x3 + x 4 ; z 3 = x s +x 6 ;andz 4 = x 7 .
Figure 3 shows the actual value of x7 and the bounds computed
from three methods of lumping. Curve 2a is computed from simple
lumping, curve 2b, from the use of bounds on the subcompartments
estimated on biological grounds, and curve 2c from the use of
bounds on the subcompartments computed from the known solution
of the unlumped system. Several weighted lumpings were tried but
none improved on 2a. Again numerical details are given in Appen-
dix D.

We see that for this system lumping may result in large errors.
This is apparently because the system is highly sensitive to perturba-
tions of the specific flow rates and especially of the diagonal entries
of the matrix, which, in turn, are related to the fact that the system



130 HARRISON

5000

4400

2 3800
<

3200

2600 -

2000

TIME, years

Fig. 3 Graph of x7(t), soil nitrogen, vs. time for example 2. The
actual value of x?(t) is computed from the original differential
equation, and the upper and lower bounds are computed from the
bounds on the lumped system described in examples 2c, 2b, and 2c,
Appendix D.
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is only marginally stable (although the eigenvalues have negative real
parts, they are very near zero). Note that example 1, where lumping
worked well, is a very stable system.

DISCUSSION

We have seen that lumping compartments to produce a simplified
nutrient cycling model results in uncertainty in the flow rates be-
tween the lumped compartments. By using upper and lower bounds
on these flow rates and the theory of differential inequalities, how-
ever, we can compute upper and lower bounds for the nutrient con-
centrations through time in the lumped compartments. There may be
lumped systems that give better approximations than these bounds,
but this cannot be shown without solving the unlumped system. My
techniques do not require solution of the unlumped system.

I should point out that the differential inequality techniques
used here have a much wider application. The same methods can be
used for models where the uncertainty in flow rates comes from
sources other than lumping, e.g., measurement error or system noise.
Since theorem Cl applies to nonlinear systems, theorem C2 could be
generalized to nonlinear systems also. Gunderson and George (1974)
used this approach for error estimates in certain approximate non-
linear systems, and Hallam (1975) made effective use of one-dimen-
sional differential inequalities to analyze a nonlinear model of
aquatic ecosystems. Analogous theorems can also be easily estab-
lished for discrete systems.

Several general guidelines for effective lumping of compartments
can be given: (1) Lumping is most effective when the flows controlled
by the lumped subcompartments are similar, but flows to or from
the subcompartments controlled by compartments outside the
lumped compartment need not be similar. (2) If it can be shown that
the proportion of nutrient in the lumped compartment which is in
each of the subcompartments stays within certain bounds, this infor-
mation can be used to improve the lumped model greatly. It is diffi-
cult to form an accurate lumped model without it. (3) Sometimes a
weighted sum of the subcompartments gives a more accurate lumped
model than an ordinary sum, but this needs further study. (4) From
the examples, we see that less-stable systems are harder to lump. This
phenomenon is another aspect of the relationships among stability,
persistence, resistance, resilience, and diversity, which certainly need
more investigation. . :
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APPENDIX A

General Notation
Vj = ith entry of vector v
ajj = the y entry of matrix A
x'= derivative of x with respect to time
u < v means Ui«; Vi for every i

Definition of Terms in Eq. 1 ( x ' s Px + r)

Xj(t) = concentration of nutrient in compartment i at time t (kg/ha)
rate of flow of nutrient into compartment i from outside
the system (kg ha"1 year"1)
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= (for i * j) the rate of flow of nutrient between compartment
j and compartment i controlled by compartment j (kg ha"1

year"1). Positive pjj indicates flow from j to i (donor
control) and negative pjj indicates flow from i to j (recipient
control)

= rate of total flow out of compartment i ccntrolled by
compartment i (kg ha"1 year"1)

APPENDIX B

Simple Lumping

If

(Bl)

and z = 2 XJ, then

*' = 1 *( - J < k | aikxk + .2 b i j y j +1|

i \i=l
Z +

3=1 \ i-1 j = l

m
i i y i + Si

(B2)

(B3)

(B4)

(B5)

Thus

(B6)
Ly'J Lc(t)i

m

where P= 2 rj is the ratevof'"flow from outside the system into

compartment z and bjyj = !£ bjjjyj is the total rate of flow from
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compartment yj into compartment z. The rate of flow from
compartment z into compartment yj is given by

(B7)Ci(t)z =

and the rate of flow out of compartment z is given by

§ § ajkXk(t)

k-1

(B8)

m

Note that — 2 ajkXk is —akkXk. the total rate of flo r out of

compartment Xk, diminished by 2 ajkXk, the sum of the rates of
flow compartment
partment z.

into other compartments lumped into com-

APPENDIX C

Theorem Cl

If x- = fi(t,x) is a system of differential equations, u(t) and v(t)
are vector differentiable functions satisfying

u(O) = x(O) = v(O) (Cl)

and for each i

u|(t) < fi(t,t) for all u(t) < % < v(t) & = us(t)

and (C2)

v-(t) > fj(t,J) for aU u(t) < { < v(t) fi =

then u(t) < x(t) < v(t) for all t > 0.
Theorem Cl, with the < signs replaced by < signs, is originally

from the work of Muller (1927) and can be found in Walter (1970).
The theorem as given here can be obtained from Multer's result by
tiie same procedure used by Walter to pass from strict inequalities to
nonstrict inequalities in the one-dimensional case.
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In practice, the model maker will often assume that x' = f(t,x)
for some function f, but the function will not be known.

The inequalities (C2) are generally established by letting u be the
solution of u'=g(t,u) for some function g and showing that
gi(t,u) < fi(t,£) whenever u(t) < % < v(t) and %\ = Uj(t), and solving
similarly for v.

Theorem C2

If x(t) is the solution of x' = A(t)x + r, G and H are matrixes such
that

gij .< ajj(t) < hy for every i,j (C3)

u(t) and v(t) are vectors satisfying

(C4)
y'

and

u(O) = x(O) = v(O) (C5)

then u(t) < x(t) < v(t) as long as u(t) remains positive.

Proof: Assume 0 < u(t) < £ < v(t). If & equals Uj, then

giiui * 3|i(t)^i (C6)

gijUj < aij(t)Jj i f g y > 0 i ^ j (C7)

gijVj < a i j ( t )£ j i f gij < 0 i # j ( C 8 )

s o t h a t

W-l^uj+l^vj^Jay^, (C9)

Similarly, if gj equals vj(t)

JV;'= J hj?Uj+ tx h§Vj> L a y ^ j (CIO)

The conclusion now follows by direct application of theorem Cl.
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APPENDIX D

Example 1: Actual

HARRISON
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0.3
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5

0

0

0
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is reduced by lumping to the form of Eq. 4. Graphs of the solution
of y2 (t) and bounds computed by the lumped models (examples la
to lc) are given in Fig. 2.

Example la : Simple Lumping

Using z = X| + x2 + x3 and Eqs. 7 and 8 gives

-3.1 < a(t)< -1
o c,(t) 0.02 J

Example 1b: Weighted Lumping

Using z = wT x, where wT = (%, 1, %) is a left eigenvector of flie
upper left submatrix, and Eqs. 16 to 18 gives

fO.71 fc,(t)1 [0.9 1
a(t)—2 MM"

L0 J Lc2(t)J L0.03J

Example 1c: Lumping with Bounds on Subcompartmentt

Using z = Xj + x2 • + x3 and the bounds 0.11 < x t /z < 0.25,0.49
< x2 /z < 0.56, 0.28 < x3 /z < 0.50 in Eqs. 19 to 28 gives

fO.76 1 fc,(t)l [0.84 1
-2.23 « a(t) «-1.96 J U J U j

L0.002J Lc2(t)J L0.005J

Example 2 : Actual

The "v«i rates of nitrogen in an oak—hickory forest were
modeled (Waide and Swank, 1975) by a differential equation x' =
Px + r with P given by
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0.89

0.53

0

0

0

0.35

0.001

0.72

-0 .75

0

0

0.04

0

0

0

0.205

-0.206

0

0.001

0

0

0

0

0.30

-0 .58

0.03

0

0.25

0

0

0

0

-0.31

0

0.31

0

0

0

0

0

-0 .34

0.34

0 '

0

0

0.025

0

0

0.031

This is lumped to a 4 by 4 system, z' = B(t)z with z, = x , ; z2 =
x2 +x 3 +x 4 ; z3 = x s + x6; and z4 = x7 . Graphs of the solution
of x7(t) (soil nitrogen) and bounds computed by the lumped models
(examples 2a to 2c) are given in Fig. 2.

Example 2a: Simple Lumping

Each column within a submatrix given in example 2a is added,
and the maximum and minimum of these sums give upper and lower
bounds for the corresponding entry of the lumped matrix B(t). For
example

-0 .75 < b2 2 (t) < -0.001 0 < b4 2 (t) < 0.25

Example 2b: Lumping with Bounds on Subcompartments
Estimated Biologically

Using 0.22 < x2 /z2 < 0.32, 0.38 < x3/z2 < 0.49, and 0.22 <
x4 /z2 < 0.35 gives improved bounds on B(t). For example,

-0 .33 < b2 2 (t) < -0 .25 0.06 < b4 2 (t) < 0.™

Example 2c: Lumping with Computed Bounds on Subcomnartments

Using 0.25 < x2 /z2 < 0.28, 0.42 < x3 /z2 < 0.44, 0.29 < x4 /z2
< 0.32, 0.21 < x s / z 3 < 0.30, and 0.70 < x6 /z3 « 0.79 gives stiU
better bounds for B(t):

—0.30<b2 2<—0.27 0.07< b 4 2 < 0.08

It is worth noting that, although the original system is diagonally
dominant, none of the matrixes of upper bounds for B(t) are
diagonally dominant.
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FOR CYCLING IN COMPARTMENT MODELS
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Athens, Georgia

ABSTRACT

Techniques of input—output flow analysis are used to define the amount of
material cycled and a cycling index. A flow matrix P is constructed for n
compartment systems with all flows known. Each element of P, py, is the flow
from variable j to variable i. Inflows, outflows, and compartments are the
variables. Total flow passing through compartment i is throughflow, Ti. The sum
of all throughflow is total system throughflow, TST. Dividing each element of P
by its row sum yields a fractional inflow matrix, Q*, of elements qj* representing
the fraction of T; that came from compartment j . Solving a matrix equation for
the throughflow vector shows thai; the element njj of the matrix (I — Q*)~' * N*
is througliflow that must pass through compartment j to produce a unit of Tj.
The diagonal element nj* is the amount of flow in compartment i necessary to
produce a unit of Tj. Cycling efficien ;y of compartment i is REj - (n* — l)/ng.
Amount cycled through each compartment is REjTi. The cycled portion of TST
is n

TSTC - £ REiTj
l

The cycling index is then TSTC/TST. Determining the cycling index for 57
compartment models reveals a U-shaped frequency distribution between 0 and 1.
The cycling index appears to be sensitive to changes in system boundaries, less
sensitive to lumping compartments in series, and insensitive to lumping
compartments in parallel. Comparing models constructed in the same way may
reveal actual differences in cycling between systems. The cycling index is a
measure of the relative amount of material cycled and says nothing about
cycling rate.

The importance of nutrient cycling in ecology is obvious. Every
elementary textbook, much of the literature, and these symposia

138
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discuss it. It is surprising, therefore, that no general definition of
cycling exists, and no valid numerical comparisons of cycling can be
made between different ecosystem models. Each investigator has a
different definition of cycling, some stated and some unstated. To
illustrate the problem, we can compare three nutrient-cycling
models, using three different definitions of cycling. The question is:
In which model is cycling most important?

Figure 1 shows three nutrient cycling models adapted from
Jordan, Kline, and Sasscer (1972); they are calcium flow in the
Hubbard Brook forest (Fig. la) and calcium (Fig. lb) and manganese
(Fig. lc) flow in a Puerto Rican rain forest. Jordan, Kline, and
Sasscer used flow through wood as amount recycled in these systems.

(a) 11.6

(b) 13.0
39.5

0.03

Fig. 1 Flow diagrams for three mineral-cycling model* adapted
from Jordan, Kline, and Sancer (1972). (a) Hubbard Brook, calcium,
(b) Puerto Rican rain forest, calcium, (c) Puerto Rican rain forest,
manganese. AH flows are in kilograms per hectare per year.
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If other processes had been included (eg., cycling within the
decomposers or reabsorption of nutrients from senescent leaves) or if
a more complex nutrient cycle (e.g., nitrogen or sulfur) had been
used, their definition would no longer be adequate. Cycling
definitions of other investigators, when applied to this model, result
in different amounts of cycling. Webster, Waide, and Patten (1975)
used flow from available nutrients to the food base (primary
producers) as cycled flow. This definition does not take into account
the manganese flow from litter to wood (Fig. lc). Ulrich (1971),
studying European forests, defined cycling as crown washout pi is
litter fall. When this definition is applied to the models in Fig. 1, it
includes as cycling the input into leaves which exits the system
through soil. The first three columns of Table 1 show the amount
cycled through the systems in Fig. 1 according to the three
definitions: (1) flow through wood, (2) flow from soil and wood,
and (3) flow from leaves to soil plus litter fall. For the calcium
models of Hubbard Brook and the rain forest, definition 3 gives
higher cycling than definitions 1 and 2. For the manganese model of
the rain forest, however, definitions 1 and 3 are similar, and
definition 2 is low. The differences would be even more apparent for
more complex models where one flow simply does not give a good
idea of the total amount of cycling in a system.

Gross amounts cycled can be compared for models of the same
element but not for different elements. A normalized measure of
cycling is needed. Many such measures have been defined, but almost
all are model specific. Ulrich (1971) divided the amount cycled by
plant uptake; Webster, Waide, and Patten (1975) divided the amount
cycled by total inflow to the system. These normalized ratios are
calculated for the three systems for each amount cycled as given by
definitions 1 to 3 (Table 1). Different conclusions on the role of
cycling in these three systems can be reached depending on the
definition used. Which has the highest relative amount of cycling,
manganese in the rain forest or calcium at Hubbard Brook?

Another set of problems in interpreting data on nutrient-cycling
models also applies to energy-flow models of ecosystems. How does
an inflow influence the system? What compartments does an inflow
pass through before it leaves? How much of the flow through one
compartment passes through other compartments? These questions
are all part of the general question: How does one interpret causal
relationships in a circularly causal system where everything depends
on everything else? The question is not easy to answer, but there are
approaches to the problem that provide insight into the structure of
models and of the ecosystems being modeled.



TABLE 1

CYCLING IN THREE MODEL SYSTEMS ACCORDING TO DIFFERENT DEFINITIONS OF CYCLING

Mod«l

Amount cycled (AC),
kgha'' year"1

Def.l* Def. 2* Def. 3*

Cycling ratios (unities*);
Total Plant
inflow uptake

(PU)
^ AC- /PU Cycling

Def.l* Def. 2* Def. 3* Def. 1* Def. 2* Def. 3* index

Hubbard Brook
(Ca) 49.3 49.3

Rain forest
(Ca) 59.3 59.3

Rainforest
(Mn) 2.41 0.32

49.7 12 49.3 4.11 4.11 4.14 1.00

52.9 43.1 59.3 1.38 1.38 1.23 1.00

2.42 0.04 2.41 60.25 8.0 60.5 1.00

1.00 1.01 0.797

1.00 0.89 0.567

0.132 1.004 0.980

a

om
X

•Cycling definitions refer to models in Fig. 1:
Def. 1, flow through wood (H4).
Def. 2, flow from soil (H3) to wood (H4).
Def. 3, flow from canopy (Hi) to soil (Ha) plus litter fall.
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In this paper I present a general definition of cycling which
allows unambiguous comparisons between different ecosystem
models and different elements. This definition derives from flow
analysis, application of economic input—output analysis to energy,
and materials flows in ecosystems.

Using flow analysis, we can examine the flow pattern of the
system and untangle the causal influences within systems. The
mathematical techniques are borrowed from several disciplines. The
basic methods are from economic and industrial input—output
analyses (Leontief, 1936; Chenery and Clark, 1959; Ahmed, 1973;
Chen, 1973; Cumberland and Strain, 1973). Markov chain theory
(Keraeny and Snell, 1960) provides a more abstract approach and
some useful concepts. Hannon (1973), Cale (1975), Finn (1976), and
Patten et al. (1976) have applied various aspects of flow analysis to
ecosystems.

The techniques of flow analysis first partition the flows in a
system (starting with flow diagrams like those in Fig. 1) into portions
attributable to each inflow or outflow. This clarifies interrelation-
ships among compartments and clearly shows the importance of
cycling to each compartment in the system. Measures can be
calculated which indicate the number of compartments an inflow (or
outflow) passes through and the importance of each inflow (or
outflow) to the system (Finn, 1976; Patten et al., 1976). The cycling
index of the system is the portion of total flow cycled through the
system (counted at each compartment). This cycling index (CI) is
shown in the last column of Table 1 for the three models in Fig. 1.

Over 50 small ecosystem models, most of them steady-state
models, have been analyzed with these techniques. The Methods
section of this paper describes procedures now in use, and the
Results section describes some analyses that have been done so far.

METHODS

Hannon (1973) applied economic input-output analysis to
energy-flow models of ecosystems and to the elucidation of structure
or pattern of influence in these systems. Finn (1976) expanded the
analysis to include tracing the fate of inflow as well as tracing the
origin of outflow and introduced several measures of ecosystem
structure and function. Patten et al. (1976) presented flow analysis
as a means of tracing causal relationships in complex networks,
modified and refined the measures of flow analysis, and applied
them to three small-scale ecosystem models. Methods for dynamic
systems were also developed. Recently, I have applied flow analysis
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to a large number of small ecosystem models, sta^d the methods in a
more formal way, and modified some of the flow measures, the most
important modification being altering the cycling index so that it
could be calculated for an arbitrarily complex system.

A brief account of methods used in flow analysis to define
cycling is presented here. Finn (1976) and Patten et al. (1976)
present other system measures and detailed examples of flow analysis
applied to ecosystem models.

The matrix notation of Bargmann (1972) is used here. In this
notation a matrix is a capital letter (A), and a column vector is an
italicized lower-case letter (a). A special symbol (j) denotes a vector
of ones. A prime after a matrix or vector means that the matrix or
vector has been transposed (A', a').

Patten et al. (1976) introduced a terminology that I find useful
in discussing circularly causal systems (Hutchinson, 1948). A holon is
a component of a system that is a system in its own right. Koestler
(1967) coined the term holon to denote subsystems at any level in a
system hierarchy. Overton (1975) uses holon to mean objects that
are part of a whole and are systems in themselves. I use the term here
interchangeably with component, compartment, and object. A holon
can be viewed as being composed of an input and output object,
according to the system theories of Zadeh and Desoer (1963) and
Mesarovic and Takahara (1975). Patten et al. (1976) named the input
object a creaon, to emphasize that the object takes a positive role in
creating its own input environment; i.e., a creaon chooses its input
and thereby defines an environmental nexus of causes. The output
object is named a genon because it generates a nexus of effects that
corresponds to its own output environment. Output environments
and input environments need not be the same. In circularly causal
systems they are qualitatively the same but quantitatively different.
This terminology may seem unnecessary, but it helps keep in focus
the aim of analyzing a causal network. Component, compartment,
or object can be substituted for holon, creaon, or genon, respec-
tively, without losing the sense of the discussion.

Flow Analysis

The methods are derived for the most general case of a dynamic
system, i.e., for systems in which the inflows and outflows to each
compartment are not constrained to be equal. Differential equations
are used to express the state transition equations of the system, but
difference equations could also be used. Defining flow-analysis
equations for the instantaneous case also defines the equations for
time intervals.
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Production Matrix

To perform flow analysis, we must have a matrix of flows. The
form of the matrix is shown in Table 2. In this matrix

n = number of holons
Hj = holon i (i = 1, , n)

Zjo(t) = inflow to holon i from outside the system at time t
(i = 1 , . . . , n)

Xj(t) = time derivative of the state xj of holon Hj at time t
(i = l , . . . , n )

0ij(t) = flow from holon j to holon i at time t (ij = 1, — , n)
yoj(t) = outflow from holon j to outside the system at time t

(j = 1 , . . . , n)
P(t) = production matrix, or flow matrix, at time t

The plus (+) and minus (—) subscripts after the state derivatives are
functions defined as follows:

*k(t)- = |x k ( t ) forx k ( t )<0

I 0 elsewhere

*k(t)+=-Uk(t)

I 0
forxk(t)>0
elsewhere

The P(t) matrix is made up of three nonzero submatrixes:

f °
1
11 o

0 0

P22(t) 0
P32(t) 0.

The equations for state derivatives are

xk(t) = inflows — outflows

ik(t)=. | i0kj(t) + z k o ( t ) - | j 0R-(t)-yOk(t)

for k * 1 , . . . , n

(2)

(3)

Throughflow Tk of holon k at time t is defined its the rate of
flow of the material passing through holon k at time t. Throughflow
Tk is calculated as the sum of all inflows minus the state derivative if
it is negative. The state derivative equation shows that this is equal to



TABLE 2

GENERAL FORM* OF THE INSTANTANEOUS FLOW MATRIX, P(t)

ZJO

Hi
H2

H«

yoi

yon

Z | o Z2O • • •

/

zio(t) 0 / . .
0 » 2 0 { t ) . .

6 6 ..

»no -*i(t)- -*

A

. 0 ,-x,(t)-

.0 0
* . *

•ino(t) 0

0

»

0
-*i(t) .

• ,

6

-*n(t)-

0

•

. . . - * « ( t ) -

H

t>\ j(t)
Pi I (̂ )

0«i(t)
yoi(t)

0

6
0 *

0

1 Hi . .

0

022(0

.

0nl(t)
0

6
0

0

•Hn

:::Ln(t)

...0,,n(t)

. . . 0

. . . 0

• ••yon(t)
. . . 0
. . . 0

...Mt, t

yoi s os . . . y o n *i(t)+ X2(t) t . . . in{XU

0

0

0

o

o
m
X

*See text for identification of nymboli.
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the sum of all outflows plus the state derivative if it is positive. The
equations for throughflow Tk are

Tk(t) = .2 &k(t) + yok(t) + ik(t)+ (4)

and

Tk(t) = .E 0kj(t) + zko(t) - x k ( t ) - for k = 1 , . . . , n (5)

The several alternative ways of defining throughflow of a compart-
ment are discussed and rejected in Patten et al. (1976). Essentially,
this definition treats positive state derivatives as outflows and
negative state derivatives as inflows.

The vector of throughflow, T(t), is given by the row sum of the
P21 (t) and P2 2 (t) matrixes:

(6)

and the column sum of the P2 2 (t) and P3 2 (t) matrixes:

r / ( t )= /P 2 2 ( t )+ /P 3 2 ( t ) (7)

Total system throughflow, TST, is defined as the sum of all
component throughflows:

TST(t)=/T(t)=JiTk(t) (8)

Total system throughflow, TST(t), which can be considered the
mobile pool at timet, is the basis for the measure of cycling
developed later.

Creaon Inflow Analysis

Creaon inflow analysis asks the question: At which inflows did a
given throughflow or outflow originate? This is the typical input-
output economics question, and the following development is
presented by Hannon (1973) and by economists (Leontief, 1936;
1966; Chenery and Clark, 1959; Carter, 1966; 1974).

Let each instantaneous flow, 0jj(t), from holon Hj to holon H; be
expressed as a fraction, q|j(t), of instantaneous throughflow Tj(t)
intoHj:

.. . ; . - . : • . • • r . . . • - : - . •

(9)
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From Eq. 4, throughflow of Hj can be written

147

(10)

If y(t) is the vector of yOi(t), #(t)+ is the vector of xi(t)+, and
Qf 2 is the matrix of qj*, then Eq. 10 can be written in matrix form
as

?(t) = ?(t)Qhtt) + y'(t) + x'(th (ID

Matrix Qf 2(t) is an n x n submatrix of Q*(t), the instantaneous
fractional inflow matrix. The full matrix Q*(t) has the same
dimensions as P(t) and is found by dividing each element Pij(t) in
row i by the sum of the ith row for all nonzero sums. The form of
Q*(t) under discussion is

Q*(t) -

0 0

Q2*2(t) 0

K 0

(12)

Here K is two n x n identity matrixes arranged so that the bottom
row of one adjoins the top row of the other. Solving Eq. 11 for T'(t)
gives

T'(t) = [y'(t) + *'<t)+] [I - Qf a (t)] -»

If Nf 2 (t) equals [I - Qf 2 (t)]"1, tiien

For a particular Tk, we can write

Tk(t) = . | yoi(t) n% + .£ XJ (t)+nfk

(13)

(14)

In this equation, by expressing each throughflow as a sum of terms
attributable to each outflow and each positive state derivative, we
have partitioned the throughflow vector into vectors associated with
each outflow and each positive state derivative. This partitioning
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allows us to trace the origins of and draw separate flow diagrams for
each outflow and positive state derivative.

The matrix N*(t) is called the instantaneous transitive-closure
inflow matrix (Patten et al., 1976), or the fundamental matrix
(Kemeny and Snell, 1960). We can calculate the full matrix N*(t)
from Nf2 (t) and Q*(t) using the following equation:

0 0

N?2(t) 0

Q|2(t)Nf2(t) i j

(15)

From Eq. 14, we can interpret the elements nj-(t) of the transitive-
closure matrix N*(t) as the throughflow Tj(t) in fractions of yOj
necessary to produce yOi or, from Markov chain theory, as the
expected number of times a particle ending in variable i has passed
through variable j .

Genon Outflow Analysis

Genon outflow analysis asks the question: To which outflows are
a given throughflow or inflow destined?

Let each instantaneous flow, 0jj(t), from Hj to Hj be expressed as
a fraction, q{|*(t), of the instantaneous throughflow, Tj(t):

(16)

Substituting Eq. 16 into Eq. 5, we can write the throughfknv of
Hi as

x q**(t) Tj(t) + z i0(t) - ii(t)- for i = 1 , . . . , n (17)

If z(t) is the vector of z i0(t), x(t). is the vector of ±j(t)-,and
Q**(t) is an n x n matrix of q^*, then Eq. 17 can be written in
matrix form: .

•.'. '•aict)-Qff(t).iT(t)+.^(t)-*(t).V. ( i s )
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Matrix Q**(t) has the same dimensions as P(t) and is formed by
dividing each -element, Pij(t), in the jth column by the sum of the jth
column for all nonzero sums. The partitioned form of Q**(t) is

Q**(t)'

0 0 0

K Qf J(t) 0

.0 Q3*?(t) Oj

(19)

In this matrix K is two n x n identity matrixes arranged so the
last column of one adjoins the first column of the other.

Solving Eq. 18 for T(t) gives

T(t) = [I - Qf ftt)]"1 [2(t) -£( t ) - ]

If NJf(t) equals [I - Qff(t)] "', then

A particular throughflow, Tk(t), can now be expressed as

(20)

(21)

In this equation, by expressing the throughflow of each holon as a
sum of terms attributable to each inflow and each negative state
derivative, we have partitioned the throughflow vector into vectors
associated with each inflow and negative state derivative. This
partitioning allows us to trace the fates of and draw separate flow
diagrams for each inflow and negative state derivative.

Matrix N**(t) is called the instantaneous transitive-closure
outflow matrix, of fundamental matrix. The remainder of N**(t) can
be found from Nff(t) by following Eq. 15, substituting double
asterisks for single asterisks throughout.

From Eq. 21, we can interpret each element of N**(t), n|j*(t),
throughflow T\, in fractions of ZJ0, caused by inflow ZJ0

 or> from
Markov chain theory, as the expected number of times a particle
starting in variable j will pass through variable i before leaving the
system.
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Cycling Measures

Cycling Efficiency

The return cycling efficiency, REj(t), for a single holon, Hj, can
be defined as the fraction of throughflow, Tj(t), that returns to Hj.
This is the same as Rigler's (1975) definition of recycling efficiency
and can be written

cycled flow through Hi
T]tt)

(22)

The transitive-closure matrixes provide a means of calculating the
fraction of Tj(t) that returns to Hj. Figure 2 shows a one-component

o (1-U G

Q*

0

z

0

~ 0

z/T

0

0 1 0
1— .

t • T | 0

V J 0

0 j 0

L | 0

1 | 0

T = z + L - T

Qjj > [U

- Qh = [1 - Li

Njz = (I - Q22)"1 = Id - L)-'] - n{,

RE, - 1 —
"T.

RE, = L
0-i.r1

Fig. 2 A hypothetical cycling system and a genon outflow analysk
ofit.
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system as a graph. The amount (z) entering the system is equal to the
amount (y) leaving the system. The single component has through-
flow T and a loop that cycles. The amount (C) cycled through this
system is given by C = L • T (for 0 < L < 1) or C = T — z. From
elementary graph theory, T equals (1 — L)"1 z. Therefore, C equals
(l-L)-»z-z.

The return cycling efficiency for the system, by the definition in
Eq. 22, is

RE = C/T = [(1 - L)"1 z - z] !\ (1 - L)"1 z] (23)

RE = (z/z)[(l - L)-> - 1 ] /[(I - L)"1 J (24)

RE = 1 - [1/(1 - L)"1 ] (25)

Equation 25 can be simplified further to show that RE = L, but,
since most systems do not have a single loop, this would not help
much. However, (1 — L)'1 is the effect of all loops on the system
inflows. The effect of all loops touching a component is also
represented by the diagonal elements in either N*(t) or N**(t) (the
diagonals of these matrixes are always identical). That is, n* (equal
to nj**) is equivalent to (1 — L)"1 in Eq. 25. Thus the equation for
return cycling efficiency for any component in a system is

< 2 6 )

Figure 2 also shows how genon outflow analysis can be applied
to the graph to find the return cycling efficiency. Since it is a
one-component system, all of the submatrixes in P are composed of
single elements. After finding Q* and inverting (I — Q*2), we use
Eq. 26 to find RE. Since this is a simple one-loop system, RE equals
L, as shown before.

The diagonal entries of the transitive-closure matrixes are always
at least 1. If njj equals 1, then none of Tj(t) originated in Hj. The
other diagonal njj* must also equal one, but it implies that none of
Tj(t) can return to Hj. If n* > 1, then n* — 1 represents flow that
originated in Hj and has returned to it around loops. If njj* > 1, then
njj* — 1 represents flow that will return to Hj.

It is possible to extend the definition of cycling efficiency to a
system, but as yet no algorithm has been found to calculate system
cycling efficiency for any but the simplest cases.
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Since REj(t) can now be found and since Tj(t) is known, Eq. 22
provides a means for finding the amount of throughflow that is
cycled, Tcj(t):

Tcj(t) = REj(t)Tj(t) (27)

Note that other definitions of amount cycled through Hj are
possible. Instead of defining cycling relative to each individual holon,
we could consider all flow along certain paths as cycled flow (Finn,
1976; Patten et al., 1976). The definition of cycling presented here
has the advantage of allowing the amount cycled to be found in any
system, no matter how complex.

Cycling Index

A cycling index, CI(t), for the entire system can be defined as the
fraction of total system throughflow that is cycled. The cycled
portion of total system throughflow, TSTc(t), is the sum of the
amount cycled through each holon:

TSTc(t) = RE'(t)T(t) = L REi(t)Ti(t) = £ Tcj(t) (28)

Thus the cycling index is

This index is probably the most important measure to come out of
this work. For the first time, a cycling definition applicable to all
systems is presented. The cycling index is sensitive to modeling
decisions, however. The resolution of the model and the boundary
definition of the system are very important in determining the value
of Hie cycling index.

RESULTS AND DISCUSSION

Figure 3 shows the frequency distribution of cycling indexes for
57 ecosystem models. Table 3 lists the models, their sources, the
number of components in each, and their cycling indexes. In Fig. 3,
as might be expected, models of energy flow (calories) are clustered
on the low end of the cycling index scale. In addition the cycling
indexes of some elements tend to cluster. For example, there are six
strontium or calcium models with cycling indexes between 0.697 and
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0 0.5
CYCLING INDEX

Wig. 3 Frequency distribution of cycling index in 57 ecofyrtem
models. See Table 3 for modeli.

0.8. These represent strontium cycling in a tropical moist forest and
a Puerto Rican rain forest and calcium cycling in Hubbard Brook
(two models), a temperate forest, and a Douglas fir forest. Some of
the elements, such as nitrogen, do not cluster at all. The four
nitrogen models analyzed so far have cycling indexes spread from
0.48 to 0.85.

Many factors determine a model's cycling index. Real-world
events are one class but not the most important. Model formula-
tion—-including identifying hblons, setting system boundaries, and
formulating flows—is the most important factor in determining the
cycling index. ^

The remainder of this section illustrates some of the factors that
determine a model's cycling. In cases where model formulations are
identical or very similar, real-world differences in cycling can begin
to be identified.

ReaWorld Events

Jordan, Kline, and Sasscer Models

Figure 1 shows 3 of the 11 mineral-cycling models presented by
Jordan, Kline, and Sasscer (1972). These models have the same
general formulation, differing only in the flows actually measured.
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TABLE 3

CYCLING INDEXES FOR 57 ECOSYSTEM MODELS

Number
ofcompo- Cycling

Model Reference oents index

Grassland (minerals)

. Puerto Rican rain forest
(manganese)

Tropical forest
(minerals)

Tundra (minerals)

Puerto Rican rain forest
(iron)

Tropical moist forest
(potassium)

Salt marsh (minerals)

Douglas fir
(potassium)

Tropical moist forest
(phosphorus)

Tropical forest
(magnesium)

Puerto Rican rain forest
(potassium)

Ocean (minerals)

Oak—hickory forest
(nitrogen)

Temperate forest
(minerals)

Tropical moist forest
(minerals)

Temperate forest
(calcium)

Hubbard Brook
(calcium)

Salt marsh (carbon)
Hubbard Brook

(calcium)
Oak—hickory forest

(nitrogen)

Douglas fir forest
(calcium) .

Webster, Waide, and
Patten, 1975

Jordan, Kline, and
Sasscer, 1972

Webster, Waide, and
Patten, 1975

Webster, Waide, and
Patten, 1975

Jordan, Kline, and
Saucer, 1972

Golleyetal.,1975

Webster, Waide, and
Patten, 1975

Jordan, Kline, and
Sasscer, 1972

Golley et al., 1975

Child and Shugart,
1972

Jordan, Kline, and
Sasscer, 1972

Webster, Waide, and
Patten, 1975

Waide and Swank,
1976

Webster, Waide, and
Patten, 1975

McGinnis et al.,
1969

WhitUker, 1970

Jordan, Kline, and
Sasscer, 1972

Wiegertetal., 1975
Waide et aL, 1974

Waide and Swank,
1976

Jordan, Kline, and
Sasscer, 1972

6

4

6

6

4

9

6

4

9

A

4

6

15

6

9

4

4

14
4

7

4

0.997

0.980

0.979

0.976

0.952

0.941

0.928

0.922

0.904

0.S90

0.863

0.862

0.853

0.833

0.802

0.797

0.797

0.775
0.764

0.741

0.734
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TABLE 3—(Continued)

Model Reference

Number
of compo- Cycling

nents index

Puerto Rican rain forest
(strontium)

Tropical moist forest
(strontium)

Duke Forest, pine
(nitrogen)

Lake (minerals)

Pine plantation
stream (potassium)

Tropical moist forest
(calcium)

Old-field stream
(potassium)

Tropical moist forest
(minerals)

Hardwood forest stream
(potassium)

Puerto Rican rain forest
(calcium)

Puerto Rican rain forest
(magnesium)

Tropical rain forest
(nitrogen)

Tropical moist forest
(manganese)

Tropical moist forest
(magnesium)

Puerto Rican rain forest
(copper)

Hardwood forest stream
(calcium)

Old-field stream
(calcium)

Pine plantation stream
(calcium)

Puerto Rican rain forest
(sodium)

Tropical moist forest
(iron)

Tropical moist forest
(lead)

Jordan, Kline, and
Sasscer, 1972

Golley et al., 1975

Waide and Swank,
1976

Webster, Waide, and
Patten, 1975

Webster, 1975

Golley et al., 1975

Webster, 1975

Golley et al., 1975

Webster, 1975

Jordan, Kline, and
Sasscer, 1972

Jordan, Kline, and
Sasscer, 1972

Auble et al., 1974

Golley et al., 1975

Golley et al., 1975

Jordan, Kline, and
Sasscer, 1972

Webster, 1975

Webster, 1975

Webster, 1975

Jordan, Kline, and
Sasscer, 1972

Golley et al., 1975

Golley et al., 1975

4

9

7

6

6

9

6

9

6

4

4

5

9

9

4

6

6

6

4

9

9

0.709

0.697

0.655

0.644

0.632

0.608

0.608

0.586

0.574

0.567

0.498

0.479

0.438

0.392

0.374

0.283

0.274

0.271

0.238

0.156

0.155

(Table continues on p. 156.)
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TABLE 3—(Continued)

Model Reference

Number
of compo- Cycling

nents index

Marine coprophagy
(calories)

Cone Spring (calories)

Salt marsh (carbon,
without holon 1)

Tropical moist forest
(zinc)

Cedar Bog Lake
(calories)

Cedar Bog Lake
(calories)

Silver Spring
(calories)

Tropical moist forest
(copper)

Tropical moist forest
(sodium)

Stream minerals

Cedar Bog Lake
(calories)

Oyster bed (calories)

English Channel
(calories)

Tropical moist forest

Tropical moist forest^
(cobalt) '

Cale and Ramsey,
1970

Williams and Crouthamel,
1972

Wiegertetal., 1975;
Finn, 1975

Golley et al., 1975

Williams, 1971

Finn, 1975

Odum, 1957; Hannon,
1973

Golley et al., 1975

Golley etal., 1975

Webster, Wside, and
Patten, 1975

Williams, 1971

Stevens and Dames,
1976

Brylinsky, 1972

McGinnis et al., 1969

Golley et al., 1975

4 0.120

5 0.092

13 0.045

9 0.036

10 0.031

5 0.030

5 0.009

9 0.006

9 0.002

6 0.001

3 0

4 0

6 0

7 0

9 0

Cycling indexes fo^ the models ate listed in Table 3. The cycling
indexes for the 11 models are: in the Puerto Rican rain forest, Mn
0.98, Fe 0.95, K-0.863, Sr 0.709, Ca 0.567, Mg 0.498, Cu 0.374, and
Na 0.238; in a Douglas fir forest, K 0.922 and Ca 0.734; and, in
Hubbard Brook^Ca 0.764. Potassium cycles more than calcium, as
we would expej| from the more mobile nature of potassium. Both
potassium and; calcium cycle more in the temperate forest models
than in the tropical rain forest model. I will discuss this point later.
Why manganese and iron cycle so much is a puzzle. They are both
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essential elements for plants and animals (Bowen, 1966, Table 7.1,
p. 104), but so is copper. Apparently the supply of available
manganese and iron is low compared with the ecosystem's need for
these elements. Magnesium and sodium cycling in the Puerto Rican
rain forest are both low, presumably because the inputs from salt
spray far surpass system needs and thus obviate conservation of these
elements.

Hypothetical Models of Webster, Waide, and Patten

Webster, Waide, and Patten (1975) developed models of sedi-
mentary mineral cycles in eight ecosystem types. The general flow
diagram is shown in Fig. 4, and the flows for all eight models are
listed in Table 4. The flows, which are in relative rather than absolute
units, were invented by Webster, Waide, and Patten to reflect then-
understanding of mineral cycling in these systems. The models
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FOOD
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NUTRIENTS

H 5
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\
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F 2 , ,

Fs.3

V

CONSUMERS

H2

F3.2

DETRITUS

H 3

/

F4.3

DECOMPOSERS

. »A

Fo.2
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Fig. 4 Flow diagram of hypothetical ecosyitem model of Webster,
Waide, and Patten (1975).



TABLE 4

FLOWS FOR HYPOTHETICAL MODELS OF
WEBSTER, WAIDE, AND PATTEN (1975)

Parameter

35,0
P*,i
Far
F 3 ; 4

F4.3
F S 3
F S 4
F, .
F6;3

F«,s
F,;,
F0,2
F 0 3
F o i
Fo«

Tundra

0
1

20
30
20

50
0

50
1
0
1

50
0
0
1
0

Grassland

0
1

100
400
100

480
10

480
10
10

0
500

0
0
1
0

Temperate
forest

0
1
1
6
1

5.5
0.4
5.5
0.6
0.1

0.5
6
0
0
1
0

Tropical
forest

0
1
5

46
5

49.9
1

49.9
1.1
0.1

1
51

0
0
1
0

Ocean

0
110
500
545
500

50
900

50
10
50

20
1,045

0
45

5
0

Lake

0
100

20
180

20

180
10

180
20
10

10
200

0
0

100
0

Salt
marsh

0
75

100
900
100

500
400
500

1,000
60

95G
1,000

0
50
25

0

Stream

1,000
100,000

200
800
190

300
600
300
100

0

100
0

10
90

100,900
0
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represent generalized sedimentary cycles rather than a particular
element.

Since these models have the same general structure and were
modeled in similar ways, real differences between systems should
appear. Ranked from highest to lowest cycling index, these models
appear in the following order: grassland (0.997), tropical forest
(0.979), tundra (0.976), salt marsh (0.928), ocean (0.862), temper-
ate forest (0.833), lake (0.644), and stream (0.00097). It is surprising
that tundra is so high and that lake is lower than ocean and
temperate forest. The models may not be realistic enough to show a
tropical forest cycling more than a temperate forest and a tundra.
The models of Jordan, Kline, and Sasscer (1972) show a similar
trend, however, with calcium and potassium cycling more in
temperate forests than in the rain forest. A better explanation is
that the cycling index measures relative amounts cycled, and our
intuition emphasizes speed of cycling or cycling rate. Obviously
tundra cycles much more slowly than tropical rain forest. In a
four-year cycle, however, 97% of the material that flows through
tundra may be cycled (Webster, Waide, and Patten calculated average
flows for the tundra model over the four-year cycle). A tropical rain
forest may cycle 97% of its total system throughflow in less than a
month.

Effect of Structural Changes in Models on Cycling Index

Hubbard Brook Models

Waide et al. (1974) developed a model of calcium flow in
Hubbard Brook (Fig. 5) which differs from the model of Jordan,
Kline, and Sasscer (1972) (Fig. la) in three main points. First, Waide
and coworkers lumped vegetation into one holon; Jordan, Kline, and
Sasscer split vegetation into wood and leaves. Second, Waide and
coworkers let throughfall and canopy leachate pass through litter
before going to available nutrients (the same as soil in Jordan model);
Jordan, Kline, and Sasscer let throughfall and canopy leachate bypass
litter and enter soil directly. Finally, Waide and coworkers added an
unavailable-nutrients holon, soil and rock minerals (H4). The cycling
index for the Waide model is 0.764; that for the Jordan model is
0.797. These seem fairly close despite the model differences. If wood
and leaves in the Jordan model are lumped, the cycling index
becomes 0.795. If soil and rock minerals are deleted from the Waide
model, the cycling index becomes 0.807, which is much closer to the
Jordan model.
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Fig. 5 Flow diagram for Hubbatd Brook model. AH flow* aw in
kilograms per hectare per year. (From 3. B. Waide, J. E. Krebc, S. P.
Clarkson, and E. M. Setzier, 1974, Progress in Theoretical Biology, 3:
271, Fig. 2. Used with the pernucsion of Academic Preat, Inc.)

Georgia Salt Marsh Model

Wiegert and coworkers (1975) presented an early version of their
model of carbon flow in the Spartina salt marsh on Sapelo Island,
Georgia (Fig. 6). This model is highly connected and has a cycling
index of 0.775. One of the holons included in the model is CO* in
the atmosphere (Hj). A reasonable model could have been made
without H] (when CO2 in the atmosphere is left out, the cycling
index of the model drops to 0.045).

Changing the system boundary in this case has a drastic effect on
the cycling index. The iower cycling index is more reasonable than
the high one for a carbon cycle; however, the original model seems to
simulate state dynamics and flows adequately. The problem appears
to be that flow analysis assumes that the carbon flowing into the air
is the same carbon flowing back out. This is obviously not the case.

Cedar Bog Lake Models

Williams (1971) developed several models of energy flow in
Cedar Bog Lake based on Lindeman's (1941a; 1941b; 1942) data.
One was a simple three-component trophic model with producers,
herbivores, and carnivores. The cycling index for this model was, of
course, 0. A second more-complex model was a 10-component
food-web model that included ooze at the bottom of the lake. Some
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Fig. 6 Flow diagram for the Georgia salt marsh carbon model.
(From R. G. Wiegert, R. R. Christian, i. L. Gallagher, 3. P. Hall,
R. D. H. Jones, and R. L. Wetzel, 1975, A Preliminary Ecosystem
Model of Coastal Georgia Spartina Marsh, in Estuarine Research.
Vol. 1. Chemistry, Biology, and the Estuarine System, h. E. Cronin
(Ed.), p. 589, Fig. 3, Academic Press, Inc., New York. Used with the
permission of Academic Press, Inc.)

cycling occurred in this model through unassimilated wastes entering
the ooze and being eaten by zooplankton and browsers. The cycling
index for this model was 0.031. I collapsed this model to a
five-component trophic-level model, dividing the organisms among
four trophic levels on the basis of the fraction of food that they
ingested at different levels and retaining ooze (Finn, 1975). The
cycling index for the collapsed model was 0.030.

Lumping compartments in parallel (e.g., from a food web to a
trophic model) does not alter the cycling index. Redrawing the
system boundary, by leaving out ooze in the three-component model
or air in the salt marsh model, can have a great effect on system
cycling.
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CONCLUSIONS

Flow analysis is a set of methods that allows us to trace flows
through compartment models. One of the measures derived from it,
the cycling index, is a general measure of the relative amount of
cycling in a system.

The cycling index allows us to compare cycling in different
ecosystems if the models of those systems were constructed with
similar modeling philosophies. Comparing such models showed that
manganese and iron cycle much more in the Puerto Rican rain forest
than other elements tested; this indicates that the biological need
exceeds the supply. In addition, temperate forests cycle more than
tropical forests (although perhaps not as fast), and potassium cycles
more than calcium in the same forests.

The cycling index also allows comparison of structural changes in
models, such as lumping of components and changing system
boundaries. In the models presented here, ihe cycling index seemed
most sensitive to changing system boundaries, less sensitive to
lumping compartments in series (e.g., lumping wood and leaves in
Jordan model), and indifferent to lumping compartments in parallel.

This study indicates a need to estimate cycling rate, as well as the
cycling index, in a system model.
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INTERNAL NUTRIENT CYCLING AS RELATED TO
PLANT LIFE-FORM: A SIMULATION APPROACH
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ABSTRACT

Models of growth of individual plants and of allocation of C, N, P, and Ca in the
plant for different plant life-forms (deciduous shrub, evergreen shrub, and
graminoid tussock) were used to evaluate the hypothesis that along a soil
nutrient gradient primary production will be suppressed more in some life-forms
than in others. Variations in production among plant life-forms are caused by
differences in internal recycling and in the absolute nutrient requirements for
new tissue. Ledum palustre (evergreen shrub), Salix pulchra (deciduous shrub),
and Eriophorum vaginutum (tussock) were the three plant life-forms studied.
Parameters were estimated from field data and from the literature. Preliminary
testing of the models against observed seasonal primary production and plant
nutrient dynamics showed reasonable correlations. Simulation nutrient levels are
usually within 10 to 20% of the observed values. Along simulated nitrogen and
phosphorus gradients at low nutrient levels, the evergreen accumulates more
biomass than either the deciduous shrub or tussock, but at high nutrient levels
the ranking is reversed. Seasonal growth rate per gram of nitrogen and of
phosphorus is highest for the evergreen and lowest for the tussock.

The relation between soil nutrients and the structure and com-
position of the plant community has been discussed for several years.
Harper (1914) described the distribution of evergreen species in
different plant communities in the southeast. He believed that soils
low in potassium favored an evergreen community. Beadle (1953;
1954; 1962; 1966) relr'ed the number of sclerophyllous evergreen
genera present in certain communities in Australia to the lack of soil
phosphorus. Monk (1966) reported that, in north-central Florida,
evergreen communities tend to be found on dry, sterile sites and
deciduous species are more likely to be found on mesic, fertile sites.
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Laboratory studies have shown that the degree of leaf sclerophylly
can be increased in many species by reducing nitrogen and
phosphorus levels in the growth medium (Makarova, 1943; Steubing
and Alberdi, 1973). Small (1973) pointed out that species adapted to
arid or nutritionally deficient environments are characterized by
small stature, reduction in internode length, and perenniality and leaf
modifications, such as small size and the development of strengthen-
ing features.

In the Arctic, nutrients limit primary production (Warren Wilson,
1957; Schultz, 1964; Bliss, 1966; Haag, 1974; Chapin, Van Cleve,
and Tieszen, 1975), and even relatively nutrient-rich sites have
nutrient levels far below those observed in temperate latitudes
(Loveless, 1961; Alexander et al., 1977). Although such an environ-
ment would generally select for plants with low nutrient require-
ments (Chapin, Van Cleve, and Tieszen, 1975), plant life-forms
having more of the characteristics presented by Small (1973) should
segregate at the low end of a nutrient gradient, as seen in lower
latitudes (Beadle, 1953; 1954; 1966; Monk, 1966). Therefore we
hypothesize that the growth of evergreen shrubs is not as suppressed
at low available nutrients as the growth of deciduous shrubs.
Variations in production among plant life-forms are caused by
differences in internal recycling and in the absolute nutrient
requirements for new tissue. To evaluate this hypothesis, we
synthesized field and laboratory data in simulation models of
evergreen- and deciduous-shrub and graminoid life-forms.

THE MODELS

The plant life-form models have several similar features. Each
plant structure is composed of cellulose, lignin, cell contents, total
nonstructural carbohydrates (TNC), fixed nutrients associated with
existing tissue, and labile nutrients available for 'growth and
translocation. Nitrogen, phosphorus, and calcium are included in our
models. Equations for growth, photosynthesis, translocation,
respiration, and uptake are the same in each model. The models
operate on 1-day time steps. All growth is assumed to be
synchronous within a structure. A main reserve pool of TNC and
labile nutrients is shared by the nongrowing structures, but growing
structures maintain their own reserves by translocation with the main
reserve or by photosynthesis. The sequence of the calculations of
photosynthesis, growth, and uptake of nutrients allows aboveground
growing structures to utilize TNC first and belowground growing
structures to utilize labile nutrients first.
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Growth and Senescence

Growth is defined as the sum of cellular components (cellulose,
lignin, cell contents, TNC, and fixed nutrients) added to a structure
in grams of dry weight per day. Growth of any structure is assumed
to depend on a genetically based inherent pattern, temperature,
available carbohydrates, nutrients, and water. The model assumed
that growth is related to the inherent pattern and to available
carbohydrates and nutrients. The theoretical growth rate related to
the inherent pattern is calculated by a hyperbolic relationship:

where G = growth rate (g/day)
tm = age of the structure when growth ceases (days)

Gmax = maximum growth rate (g/day)
t = current age of the structure (days)

The TNC, nitrogen, phosphorus, and calcium requirements for
theoretical growth are computed, and growth is reduced to the
amount which uses all that is available of the most limiting substrate.
A structure may use up to 80% of its own reserves and 50% of the
main reserves of the plant in any one time step. The constraint on
the utilization of available resources prevents any reserve pool from
being completely depleted in one time step.

We assume that there is constant breakdown and resynthesis of
protein and that the resynthesis rate is less than the breakdown rate.
Hence, there is a dilution of nitrogen and phosphorus in a growing
structure because a fraction of these labile nutrients required for
1 day's growth will come from fixed nitrogen and phosphorus
already in the growing structure. The daily transfer of fixed to labile
nutrients is a constant fraction of the fixed pools. The transfer of
fixed to labile nutrients continues after growth is complete, and the
labile nutrients are translocated out of the structure if there is a
demand elsewhere in the plant.

After the growth and mature phases comes a senescence phase,
during which cell contents are converted into TNC, fixed nitrogen
and phosphorus are converted to labile nitrogen and phosphorus, and
TNC and labile nutrients are removed from*' the structure at a
constant rate. Rates are set so that by the end of the senescence
phase 50% of the cell contents has been converted into TNC and 50%
of the total TNC and nutrients of a structure has been removed.
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Respiration

Respiration is the sum of three separately controlled processes,
growth, maintenance, and translocation. Growth respiration is
calculated from the biochemical efficiencies involved in converting
glucose into different cell constituents (Penning de Vries, 1972;
1974; Penning de Vries, Brunsting, and Van Laar, 1974) and from
the average biochemical composition of the new tissues. Hence,

Rm = G[1.15 (% lignin) + 0.17 (% cellulose) + 2.03 (% lipids)
+ 0.483 (% protein) + 0.17 {% starch) + 0.09 (% sucrose)] (2)

where Rm is growth respiration in grams of TNC per day.
Maintenance respiration is related to processes that compensate

for the degradation of existing structures and can be correlated to
the amount of soluble nitrogenous compounds present (Penning de
Vries, 1972; 1974). Maintenance respiration is calculated by

where C is the respiration rate in grams of TNC per gram per day,
BIOMASS is the dry weight of the structure, and T is the
temperature of the structure.

Translocation respiration is assumed to be 10% of the TNC
translocated and is shared equally by source and sink structures.

Plant-Water Relations and Photosynthesis

Water relations and photosynthesis are calculated as in the work
of Stoner and Miller (1975) and Miller, Stoner, and Tieszen (1976),
with certain exceptions. The water-relations model is used to
calculate the average water status for a day by use of the average
daily microclimatic conditions and a step size of 0.10 day. In these
calculations leaf temperatures are assumed equal to air temperatures
(Miller and Tieszen, 1972).

The photosynthesis model computes a daily rate of photo-
synthesis per unit of leaf area using internal resistances related to
total daily solar irradiance and daily air temperature. Actual
photosynthesis is calculated by multiplying this rate by the plant's
leaf area. No self-shading is assumed.

Leaf area (A) is considered to be directly proportional to the
total cellulose and lignin fraction of the leaf mass. Hence,

A = Q(cellulose +lignin) (4)

where Q is derived from field data.
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During senescence an additional factor is used in the calculation
of photosynthesis to account for nonoptimal tissue. This factor is
calculated as the ratio of cell contents at any point during senescence
to cell contents during the mature phase.

Uptake

The daily uptake (UP) of nitrogen, phosphorus, and calcium into
the main reserve of labile nutrients is related to concentrations
present in soil solution, the soil temperature, and the amount of
absorbing root mass present. Hence,

where Vx = maximum uptake rate per hour per gram of absorbing
biomass

Km = concentration of nutrient in the soil solution at which
the apparent uptake rate is %VX

C? = nutrient concentration in the soil solution
Br = absorbing biomass

The maximum uptake rate and Km are related to soil
temperature (T^n) (Chapin, 1974) by

(6)

(7)

where M, through M4 are empirically derived from field or
laboratory data for each nutrient.

Translocation

Leaves are assumed to have an optimum TNC level (TNC<j). If
the TNC of the leaf (TNQ) is greater than or equal to the optimum,
translocation of carbohydrates out of the leaf mass (Tout) in one
time step is

Tout = Ps + 0.25(TNCj - TNCO) (8)

where Ps is the daily photosynthesis and 0.25 is the conduction
coefficient.

If TNCi is less than TNCo and the leaf mass is in the growth
phase, translocation into the leaf (T-m) in one time step is
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0.25(TNCo - TNCi) (9)

Otherwise translocation of carbohydrates is zero.
All translocation of labile nitrogen, phosphorus, and calcium and

translocation of TNC between plant structures other than leaves is
calculated from a concentration difference between the two struc-
tures. The equilibrium concentration (C) for a translocatable
substance (S) in two structures is

(10)

where B is the total biomass of a structure. Then the translocation
between two structures is

T, =-<S, - B , -C)D (11)

where D is the conduction coefficient. If D equals 1, equilibrium is
reached in one time step (unless otherwise noted D is always equal to
1). If T, is negative, the flow is from structure 1 to structure 2; if T,
is positive, the flow is reversed.

In the two shrub life-forms, several structures share the main
reserve pool. At the beginning of each time step, the total pool is
calculated by summing the reserves of the structures. All calculations
for the time step are made, and additions or subtractions to the pool
occur. The pool is then redistributed to individual structures
according to what was present at the beginning of the time step.
Hence, the ratios among all members of the group remain the same.
A more realistic method would allow a greater change in a member
of the group structure which is physically closer to the growing or
translocating structure. At present, however, we find that we are aUe
to approximate field observations without additional complexities.

Of course, none of these formulations for translocation are truly
realistic, but no better methods are available. Brouwer and De Wit
(1969), De Wit, Brouwer, and Penning de Vries (1970), and Fick et
al. (1975) bypass the problem altogether by having all reserves in one
plant pool. Thornley (1972a; 1972b) considered translocation as
driven by a concentration gradient impeded by resistances. All
formulations ignore the translocation of substances against a
gradient, which is known to occur in more plants.

Deciduous

Salix pulchra, the model deciduous shrub, (Table 1) has a main
reserve pool of TNC and labile nutrients shared by all structures



INTERNAL NUTRIENT CYCLING RELATED TO LIFE-FORM 171

TABLE 1

STRUCTURES IN EACH LIFE-FORM MODEL*

Salix pulchra Ledum palustre Eriophorum vaginatum

Inflorescences (G) Inflorescences (G) Inflorescences (G)
Leaves (G) Current leaves (G) Leaves (G)
Current stems (G) 1-year-old leaves New rhizomes (G)
1-year-old stems (R) 2-year-old leaves Mature rhizomes (G)
2-year-old stems (R) 3-year-old leaves Dying rhizomes
Main stem (R) 4-year-old leaves Roots (G)
Roots (G, R) Current stems (G)

1-year-old stems (R)
2-year and older stems (R)
Main stems (R)
Roots (G, R)

"Letters indicate that a structure in the model grows (G) or that it is part of
the plant reserve pool (R). Structures not part of the reserve pool maintain their
own levels of TNC, nitrogen, phosphorus, and calcium. All structures respire.

except current stems, leaves, and inflorescences, which maintain then-
own reserve pools through photosynthesis and translocation. Salix
does not grow as distinct individuals but has several aboveground
stems attached by a common root stock. Our Salix model simulates
one aboveground individual and a portion of the root stock, which
we assume is completely separate from the rest of the clone.

Eveigreen

The model evergreen shrub, Ledum palustre (Table 1), has a main
reserve pool that is associated with all structures except current
stems, inflorescences, and all age classes of leaves. The structures that
do not share in the main reserves maintain their own reserve pools.

Tussock

The model graminoid tussock, Eriophorum vaginatum, consists
of roots, old senescing rhizomes, new growing rhizomes, mature
rhizomes, leaves, and inflorescences (Table 1). These structures
contain all the biomass of all individual members of the tussock. An
individual is either a new tiller, composed of only a growing rhizome;
a mature tiller, with roots, rhizome, leaves, and inflorescence; or a
senescing, dying rhizome. The growth of inflorescences, leaves,
rhizomes, and roots is computed on an individual tiller basis and
multiplied by the number of individuals in each category.
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METHODS

Parameters and forcing functions for the models were derived
from field data collected in 1975 at Meade River, Alaska (Tables 2
and 3). The soil-solution concentrations of nitrogen, phosphorus, and
calcium used in all three models are average values for the entire
profile and growing season; they are 735 ppb N, 16 ppb P, and 440
ppb Ca.

TABLE 2

SOURCES FOR MODEL PARAMETERS AND
FORCING FUNCTIONS*

Parameter or
forcing function Reference

Microclimate Brown, 1976
Soil nutrient! McKendrick, 1976
Plant nutrients Chapin, McKendrick, and Miller,

unpublished data
Photosynthesis Johnson and Tiexzen (1976)
Water relations Miller, 1976
Growth Johnson and Tieszen (1976)

and unpublished data

•Data were collected at Meade River, Alaska,
during the 1975 growing season by the Research on
Arctic Tundra Environments program funded by the
National Science Foundation.

The seasonal progression of observed biomass in each growing
structure was used to solve for Gmaz (Eq. 3) for that structure in
each life-form. We assumed that growth in the field is limited by
nutrients; hence, the G m a x we calculated is not the true maximum
growth rate. Therefore we have arbitrarily tripled G m a z to allow a
response to nutrient additions.

At present only uptake rates of phosphorus in Eriophorum are
known with any certainty. Therefore uptake rates were adjusted to
give simultaneous limitation of growth by nitrogen and phosphorus.
No adjustments of uptake rates were made to predict seasonal
nutrient dynamics. The adjusted rates are well within the range of
measured rates for arctic and temperate species (Chapin, 1974;
Chapin etal., 1977).

The fraction of the total plant nitrogen, phosphorus, and calcium
which is labile (i.e., available for growth) is an important part of the
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TABLE 3

PARAMETERS FOR EACH LIFE-FORM USED IN
THE SIMULATIONS*

Parameters Ledum Salix Eriophorum

Max. photosynthesis (g CO2 m~2 day"1)
Leaf-area conversion (cm2 leaf/g

cellulose + lignin)
Respiration (gTNC g dry weight"1 day'1)

Inflorescence
Leaf
Stem
Rhizome
Root

Optimum leaf TNC (%)
Max. growth rate (g dry weight/day)

Inflorescence
Leaf
Stem

Date of leaf initiation
Duration of leaf growth phase (days)
Duration of leaf mature phase (days)
Duration of leaf senescence phase (days)
Date of stem initiation (expressed as

days from leaf initiation)
Duration of stem growth phase (days)
Date of root initiation
Fraction of stand root biomass which is

replaced seasonally (%)

43.4

188.0

0.01

0.005

0.01
20

0.008
0.070
0.006

SM+15
45.0

150
40

0
45

SM+15

50

61.4

419.0

0.01

0.005

0.01
25

0.001
0.411
0.116
SM

30.0
10
15

15
30

SM+15

50

67.9

148.0

0.01

0.01
0.01

15

0.006
0.010

SM
25
25
20

SM+5

100

*Sources of data are given in Table 2. The abbreviation SM is datt of melt
off, approximately June 15.

initial conditions for each model. The most reasonable experimental
method of determining the labile fraction would be to withhold one
nutrient and make all others nonlimiting. In the absence of such
experiments, we have estimated the nutrient reserves that each
life-form contains at the beginning of the growing season by
determining the lowest nutrient concentration observed during 1975
in all structures. This concentration is an estimate of the fixed and
unavailable nutrients, which is then reduced by another 30%. The
reserves are calculated as the difference between the initial nutrient
concentrations at the beginning of the season and the estimated fixed
nutrients.

The actual number of inflorescences initiated on any individual
must depend on the nutrient status of the individual. Phosphorus
additions greatly increase the number of flowering heads on E.
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vaginatum tussocks (Chapin et al., 1977). The number of in-
florescences initiated by each individual is constant in the model,
because even rough relationships between nutrient status and
inflorescence production are lacking. Also, no senescence of in-
florescences or seed set and dispersal is included. At present.,
inflorescences are only sinks for available TNC and nutrients.

Simulated nutrient gradients were constructed by running each
life-form model for two growing seasons at soil nitrogen or
phosphorus levels 0.25, 0.5, 2.0, and 4.0 times the levels observed in
the field in 1975 and maintaining the concentrations of the other
two soil nutrients at 4.0 times observed levels. The models do not
include suppression of growth at high soil-nutrient concentrations.
Previous model runs showed that 4.0 times observed soil nutrient
levels caused no suppression of growth. To present the responses of
each life-form to different amounts of absorbed soil nutrients, we
removed the effects of the initial nutrient reserves in each life-form.
Additional simulations were made with either no soil nitrogen or no
soil phosphorus and nonlimiting levels of the other two nutrients.
The biomass accumulations for these runs represent growth using
only the stored reserve of nitrogen or phosphorus. These were
subtracted from the biomass accumulated during each of the other
runs to give the growth associated with the nutrients absorbed from
the soil.

RESULTS

The simulated seasonal progression of biomass for Salix, Ledum,
and Eriophorum is quite close to values observed in the field during
the 1975 growing season (Fig. 1). The simulated and observed
courses of biomass should be fairly close to one another because
uptake rates were adjusted to predict the peak-season observed
biomasses. However, the close agreement between the observed and
simulated nutrient dynamics (Fig. 2) increases our confidence in the
models. Even when simulated nutrient levels are not in total
agreement, as in Eriophorum rhizomes, the basic trend in the
simulation tracks the field observations.

The agreement between simulated and observe nutrient con-
centrations for the tussock is not as close as that for the other
life-forms. We assumed that all growth is synchronous. This is
reasonably true for Ledum and Salix, but Eriophorum actually
produces its leaves asynchronously (Johnson and Tieszen, 1976).
This asynchrony of growth allows some internal recycling of
nutrients from leaf to leaf, which is not accounted for in the model.
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Fig. 2 Simulated and oiwerved percent nitrogen, phosphorus, and
calcium at Meade River, Alaska, in 1975. (a) Salix pulchra leaf,
simulated {—) and observed (•); 1-year stem, simulated {—) and
observed (•). (b) Ledum palustre, current leaf, simulated (—) and
observed (•); 1-year stem, simulated (—) and observed (O). (c)
Eriophomm vaginaium leaf, simulated (—) and observed (•);
rhizome, simulated (- • •) and observed (O).

A greater source of error in the model of Eriophorum may be in the
assumption that the plant experiences the nutrient concentrations of
the average soil solution. This simplification may be acceptable for
Ledum and Salix, but Eriophorum roots follow the thaw down
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(Chapin, 1974), and nutrient levels at the freeze—thaw boundary
may be quite different from those of the profile as a whole (Saebo,
1969).

The response of Salix, Ledum, and Eriophorum to the simulated
gradients of soil nitrogen and phosphorus shows a basic difference
between the evergreen and the other two life-forms (Fig. 3). At low
soil nutrients Ledum is able to accumulate more biomass than either
Salix or Eriophorum. At higher soil nutrients the seasonal biomass
accumulated by both Salix and Eriophorum exceeds that of Ledum
and is three times greater than the maximum biomass of Ledum at
solution concentrations allowing seasonal uptake rates >30 mg N or
>3 mg P. Of course, these relations depend on the theoretical
maximum seasonal biomass each species is able to attain. Ledum has
the lowest maximum growth rate; Eriophorum is second; and Salix
has the highest growth rate. A better method of evaluating the
performances of the three life-forms along the nutrient gradients is to
compare the seasonal growth rates per gram of nutrient. In this
comparison there is also a clear separation between the evergreen and
the other two life-forms. Ledum requires 11.6 mg N and 1.8 mg P
per gram of seasonally accumulated biomass; Salix requires
26.0 ing N and 2.4 mg P; and Eriophorum requires 25.0 mg N and
2.3 mg P.

Another interesting difference among the three life-forms is the
amount of reserves maintained within the plants. If only internal
reserves were used for growth, each life-form could attain only a
portion of its observed 1975 peak biomass. The fractions are 0.56 N
and 0.68 P for Ledum, 0.18 N and 0.24 P for Salix, and 0.52 N and
0.84 P for Eriophorum. These numbers reflect the dependence of
each species on soil nutrients for the growth flush at the beginning of
the season and indicate the amount of grazing pressure that might be
tolerated without reducing internal reserves. The individual Salix
plant appears to have the lowest reserve pools of nutrients in relation
to seasonal requirements for growth. Each Salix is not a distinct
individual, however, but a member of a clone. The small size of the
reserves in each individual Salix may indicate a fair amount of
redistribution within the clone. Mobilization of reserves in one part
for use in another place may be important since Salix is selected by
caribou grazing in certain habitats (White et ah, 197?).

DISCUSSION

Nutrient concentrations are much lower in tundra soils than in
soils of most temperate areas. Phosphorus levels in tundra soils in the
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Fig. 3 Seasonal bionuM accumulation of the three life-fount {•,
Ledum; A, Salix; and •, Eriophorum) alone a simulated nutrient
gradient of (a) nitrogen and (b) phosphorus. AU other nutrients were
held at nordimitinf concentrations (see text).
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range of 5 to 10 ppb are common (Alexander et al., 1977;
McKendrick, 1976), but concentrations of 30 ppm are considered
very limiting in temperate areas (Loveless, 1961). The tundra plant
nutrient levels presented here, however, are not very different from
nutrient levels found in plants from lower latitude natural com-
munities (Loveless, 1961; 1962; Wells and Metz, 1963; Beadle, 1966;
1968; Small, 1972). Obviously, tundra species have physiological
mechanisms that allow them to exist in a nutrient-deficient environ-
ment (Chapin et ah, 1977). However, our results support the
hypothesis that life-forms with more evergreen or sclerophic char-
acteristics (Small, 1973) may be better adapted to environments with
limited nutrients.

Beadle (1968) suggested that evergreens may be able to exist in
more nutrient-deficient habitats than other plant life-forms because
they have lower nutrient requirements, they utilize available
nutrients better, and they have a superior power to extract nutrients.
Our results support two of his hypotheses. Leclum has a lower
seasonal nutrient requirement than the other two life-forms studied
because it replaces less than half of its total leaf biomass every year
(Johnson and Tieszen, 1976). Hence, Ledum can maintain a larger
leaf mass for a given amount of soil nutrients than can a deciduous
shrub, which must replace all its leaves every year. Also, Ledum
requires 55% less nitrogen and 25% less phosphorus to create new
aboveground tissue than does either the deciduous shrub or the
graminoid. At present no data are available to support or refute the
hypothesis that evergreen life-forms can extract more soil nutrients
than can other life-forms.

Our study supports the hypothesis that the evergreen growth
form is more efficient with nutrients than is either the deciduous or
the graminoid form because of internal recycling and lower overall
nutrient requirements.
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A MODEL EVALUATION OF THE RELATIVE
IMPORTANCE OF FACTORS INFLUENCING
THE ENVIRONMENTAL BEHAVIOR OF MERCURY

RAY R. LASSITER and JOHN L. MALANCHUK
U. S. Environmental Research Laboratory, College Station Road,
Athens, Georgia

ABSTRACT
Several aspects of the environmental chemistry of mercury were combined to
form a model of its cycling and movement in flowing aquatic systems.
Hydrolysis and water—solid partitioning were assumed to be the major
equilibriums affecting mercuric ion in the environment. Methyl mercury was
assumed to adsorb strongly to solids as well. Oxidation, reduction, methylation,
and demethylation were assumed to be the major transformations proceeding
slowly enough to be expressed in kinetic terms in the model. Transport
phenomena considered were advective and dispersive transport, sediment—water
exchange, and volatilization of elemental mercury. The system was assumed to
be a slowly flowing, 1-km reach of a body of water overlying stationary
sediments. Sets of simulation runs were made, and downstream values were
chosen after 20 days of simulation. Independent variables for the computations
were pH, partition coefficient (solid—water), suspended particulate concentra-
tion, sediment—water exchange rate, water and sediment depth, and other
quantities. The effect of each of these variables on the relative concentrations of
the forms of mercury varied over a wide range. The value of the partition
coefficient was found to be a significant variable. Surprisingly, in the range of 5
to 9, the system was very insensitive to pH variation. Implications of this type of
model application for identifying pertinent research questions are noted, as is its
applicability to problems of identifying potential environmental hazards from
toxic pollutants.

Human technological activity has resulted in large-scale translocation
and concentration of elements that are nonesseniial to life. Many
nonessential elements exist in forms that are detrimental to life, a
factor largely responsible for the interest in their environmental
behavior.

Mercury is an example of an element with drastic detrimental
environmental effects that have reached man via the food chain
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(Sumino, 1975; Doi and Vi, 1975). Because of its volatility, its
geologic ubiquity, and its use in worldwide technology, the global
aspects of the cycle of mercury are important (Van Horn, 1975;
U. S. Geological Survey, 1970). The more localized aspects of the
transport of mercury through the environment have been reviewed
and discussed (Gavis and Ferguson, 1972), as have the hydrolytic,
oxidative, and photochemical transformations among many forms of
mercury (Baughman et al., 1973). This paper focuses chiefly on the
use of a simulation model to study aquatic aspects of the local
environmental behavior (transformations and transport) of mercury.

The simulation model is built on the hypotheses that the
processes, conditions, and factors important in the environmental
fate of mercury are known and can be described sufficiently to make
testable predictions. The model is constructed to represent known
transformations (oxidation, methylation, etc.) and known equilib-
riums (hydrolysis and sorption). No time-series data at the level of
resolution of predictions from the model were used to calibrate the
model. Thus far no time-series data have been gathered to provide a
test, but work is progressing toward specific predictions that can be
used to test whether this model, constructed from descriptions of the
characteristics of mercury and its chemical and physical interactions
with portions of the environment, can be used to predict nontrivial
time-dependent behavior.

Specifically, the mathematical model was structured to predict
the fate of the mercuric ion and its complexes (Hgx), ionic methyl
mercuric species (CH3HgXT), and elemental mercury (Hg°) in
aquatic systems.

MODEL DESCRIPTION

A schematic representation of the major features of the cycle
included in the model is given in Fig. 1. The aquatic system
represented consists of a body of moving water in contact with the
atmosphere and the underlying sediments.

A set of differential equations is used to represent the forms of
mercury in the system. Each equation is similar to the following:

where the first term on the right represents dispersion, the second,
advection, and the third, the algebraic sum of the sources and sinks
relating to the form of mercury.
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®Air

WATER

SEDIMENT

Fig. 1 Schematic representation of the components, transforma-
tions, exchanges, and transport pathways represented in the model.
Oxidation, 1; reduction, 2; volatilization, 3 ; methylation, 4; de-
methylation, 5; sediment—water exchange, 6; flow dispersion, 7.

The source—sink terms (S) are written as functions of environ-
mental descriptors, e.g., pH, concentration of suspended participate
material, or depth of sediment and water. Although a great deal is
known about the chemistry of mercury, none of the source or sink
terms can be written without conjecture. Nevertheless, an attempt
was made to structure each term to reflect as much as is understood
about the chemistry of the process. In words, the transformation
equations take the form

g L = oxidation — sediment—water exchange — reduction
Qtr

— methylation

- methylation —sediment—water exchange

—demethylation
dt
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*• f. = reduction + demethylation — sediment—water exchangeut
— oxidation — volatilization

*• °j, s = oxidation + sediment—water exchange

+ reduction — methylation

— — \ , = methylation + sediment—water exchange

— demethylation

—-=7—- = reduction + demethylation + sediment—water exchange

— oxidation

Several examples from the mercury model will illustrate some of
the uncertainties accompanying the writing of source or sink terms.
Oxidation and reduction of elemental mercury and mercuric ion,
respectively, is described by the following equilibrium expression
(Parks, 1976):

1 9 . 61 U

where PO2 is the partial pressure of oxygen.

Observations from several types of experiments show that the
reactions do not proceed rapidly to completion, however; i.e.,
solutions containing mercuric ion continue to produce elemental
mercury for days (Bisogni and Lawrence, 1973; Holm and Cox,
1974; Baier, Wojnowich, and Petrie, 1975). Because of these
observations, the reactions are better represented by rate terms than
by algebraic equilibrium expressions. Equilibrium expressions do not
necessarily reflect mechanisms, and rate expressions cannot propeiiy
be obtained from them. Despite this fact, the following reaction,
given by Parks et al. (1973), was used to represent oxidation and
reduction pathways.

Hg2 + + H 2 o i . Hg° + 2H*

The term for oxidation was taken to be

k0 [Hg° ] [H*]2 [O2 ]
H in the water column
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The value of Ko was derived from the work of Bisogni and Lawrence
(1973) and was substituted into the expressions given. Sediment
oxidation was assumed not to occur. The reduction reaction was
represented by the term kr [Hg2*], where kr is also derived from
Birogni and Lawrence (1973) and Parks et al. (1973).

In the environment, reduction cannot be represented as simply as
it is in this term. In most natural waters reduction is complicated by
the presence of suspended particulate material, which is probably
encased in a layer of organic material (Neihof and Loeb, 1972). The
mercuric ion complexes strongly (Baughman et al., 1973) with
sulfhydryl-containing compounds and will, therefore, be expected to
bind strongly to suspended particulates. One question facing the
modeler is whether reduction of mercuric ion bound to particulates
can be represented by a simple proportion such as that assumed for
dissolved mercuric ion. If not, "he bound mercuric ion concentration
must be computed. The following equations are used as approxima-
tions for computing the bound mercuric ion; these also account for
hydrolysis.

Hg2* + H2O s* HgOH* + H*

HgOH* + H2 O ̂  Hg(OH)2 + H*

Here p is a symbol for suspended particles treated as though they are
a dissolved constituent. The three equilibriums are

[H*]
[Hg2*]

[Hg(OH)2] [H*]
[HgOH*] **

[Hgp] [H+12

[Hg2*] [p] " K p

The equilibrium constants for Kj and K2 are taken from Baughman
et al. (1973). If we assume that [Hg2*] < [p] and is so low that the
reactions do not affect [H*], there are four unknowns, [Hg2*!,
[HgOH*], [Hg(OH)2], [Hgp]. A mass balance equation for Hgr
provides the other information necessary for solution:

[HgT] - [Hg2*] + [HgOH*] + [Hg(OH)2] + [Hgp]
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The bound fraction, |3, is

/ 3 = [H t ] 2+K, [H+]+K2K,+Kp[p]

and the free mercuric ion fraction, 5, is

If the constant proportion describes only the reduction of free
mercuric ions, the reduction term is kr 6 [Hgx], where kr is the
reduction constant. If it describes the reduction of both bound and
free ions, the reduction term is kr(0 + 5)[HgT] •

Because most of the mercuric ion is bound, a shortened version
of the term was used: kr/?HgT. This form vas chosen also because it
was assumed that reduction is enhanced in the bound fraction by its
proximity to reductants.

Sediment is assumed to be 50% solids and is expressed in
kilograms per liter, with a specific gravity of 2 for the solids. The
sediment—water exchange coefficient was obtained by assuming that
half a quantity of mercuric ion in a 1-m deep body of water would
exchange into the sediments in about 3 hr. This gives an exchange
coefficient value of 0.23. The rate used for the loss of elemental
mercury at the air—water interface was 0.092 m/hr (Mackay and
Leinonen, 1975).

Originally the model contained an expression for methylation
(Bisogni and Lawrence, 1973), but this term was simplified to a
linear representation. The rate coefficients for methylation in water
and sediments were then modified correspondingly. Work reported
by Langley (1973) was useful in adjusting these rates. Because
methylation occurs much more rapidly in sediments than in water,
only the bound fraction of mercuric mercury is assumed to be
methylated in both environments. The formation of dimethyl
mercury and its subsequent volatilization was ignored. ''Tie data of
Bisogni and Lawrence (1973) indicated that formation rates of
dimethyl mercury were 1 to 2 orders of magnitude less than the
formation rate of monomethyl mercury.

Demethylation was reported to result in the production of
elemental mercury from methyl mercury (Spangler et al., 1973). In
this reaction mercury is reduced from Hg(II) to Hg(0). Therefore
demethylation is assumed to occur only under low redox conditions
or, for most purposes, only in the sediments. A linear form is used to
describe the term.
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Each term in the model was subject to two kinds of uncertain-
lies. One was simply that associated with estimates of rate
coefficients and other parameters. The other, a more serious
uncertainty, is the question of how to describe the processes and
even how to link the system (i.e., What transformations actually
occur?). The question of how to express accepted chemical,
biochemical, or other equations in the context of a complex natural
system is the basic difficulty facing the environmental modeler.
Jenne (1975) expressed a complementary problem, namely, the
difficulty of the chemist in framing his research so that it will be
useful for modeling.

RESULTS AND DISCUSSION

Two kinds of quantities were checked for their importance in the
environmental behavior of mercury. One kind of quantity is solely a
property of the environment, e.g., pH and suspended sediment load.
The other is best considered as an interaction of mercury and the
environment, e.g., volatilization rate and strength of binding to
particulates. The importance of the quantities was judged on the
basis of the sensitivity of the forms of mercury to variations in them.
Several computations were made before we arrived at a set of initial
values reasonably compatible with the rates and equilibriums
assumed for the system. These computations were based on
simulation results checked for mass balance within the model and
compared with literature values for total mercury. This procedure
was necessary because environmental measurements of mercury
species have been rarely reported.

The values are, for water:

Mercuric 2xl0"1 0Jlf
Methyl 2x 10~16M
Elemental 8.5 x 10"12M

and, for sediment:
Mercuric 2.2 x W9M
Methyl 2.6xlO"14ilf
Elemental 2 x 10"1 lM

These values are not defensible as realistic, but they are useful in two
ways. First, they provide a starting point from which further
computations can be made, and, second, discrepancies from expected
values may point to deficiencies in the current representation.

Physically, 1 km of a slowly moving body of water is
represented. Each data point is taken after a 20-day simulation, and



ENVIRONMENTAL BEHAVIOR OF MERCURY 189

the sampling point chosen is at the lower end of the 1-km reach. This
procedure was adopted so that the points would indicate conditions
at a distance from a low-level source.

It has been speculated that solids in aquatic systems control the
fate of mercury (Krenkel, 1974). In assessing this possibility, we
varied the equilibrium constant, Kp, for binding mercuric ion to
sediment over 5 orders of magnitude while holding the concentration
of suspended particulates constant at 10 mg/liter. A marked
dependence of all forms of mercury on Kp is apparent. Methyl
mercury concentrations are much higher in the sediments for low
values of Kp, and the opposite is noticed in the water (Fig. 2). These
observations result mostly from the model assumptions that both the
methylation and reduction processes occur for bound mercuric
mercury and that there is no settling of suspended particulates.

An alternative way to evaluate the importance of suspended
particulates in the system is to vary the particulate load itself. In this
analysis Kp was held constant at 1.5 x 10~2 (equivalent to a partition
coefficient of 1.5 x 10 1 2 at pH 7), and suspended sediment was
varied over a range of 5 orders of magnitude (Fig. 3) Elemental
(Fig. 3) and mercuric mercury in Hie sediments decrease as expected
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0.19 LLl i I il I i n
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' 10"2 10-' 10° 101 I02 103

Fig. 2 CH3 HgX in water and sediment as a function of Kp.
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with increasing suspended sediment load. Surprisingly, however,
methyl mercury increases in the sediment (Fig. 3). In the model
methyl mercury is formed microbially from mercuric mercury bound
to particulate material. A greater suspended particulate load results
in greater production of methyl mercury. The greater quantity of
methyl mercury in sediments results from the greater production rate
and resulting greater concentration in the water (Fig. 3); this is
followed by sediment water exchange and binding of methyl
mercury to the sediment particles. The speculated explanation of the
differences in the behavior of methyl mercury (Figs. 2 and 3) is
based on the fact that Kp affects sediment—water exchange, whereas
increased suspended particulates affect the water only.

At Kp = 1.5 x 1U~2 and 10 mg/liter of suspended particulates, all
forms were remarkably insensitive to changes in pH. Preliminary
computations indicate, however, that a major change in the
concentration of all forms occurs between pH 4 and pH 5. This may
be of significance in highly acid environments.

Certain aspects of the physical geometry of the system could
cause variations in the concentrations of the forms of mercury. For

io-'2

icr16

ur7 i<r6 wrs ir* 10-3

CONCENTRATION OF SUSPENDED PARTICLES, kg/liter

Fig. 3 Hg(0) in sediment and CH3HgX in water and sediment at a
function of suspended particniates.
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this simple model only depths of water and sediment can be varied;
both depths were each varied 3 orders of magnitude. Mercuric
mercury concentrations in the water were completely insensitive to
sediment depth but were a rather strong function of water depth.
Elemental mercury in the water (Fig. 4) was positively correlated
with variations in both water and sediment depth but was more
strongly a function of water depth. Elemental mercury in a sediment,
however, was affected markedly by sediment depth (Fig. 4) and was
nearly unaffected by water depth, especially for deep sediments.

The model was used to analyze and compare the behavior and
fate of mercury in selected environments. Figures 5 and 6 illustrate

l 0 - 1 0 -
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Fig; 4 Hg(0) in water and sediment at a function of depth of
sediment for varying depths of water.
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the model output for mercuric mercury in a swamp, lake, stream,
and river. Each graph portrays the concentration of mercuric
mercury in water vs. distance at three different times, 48, 240, and
432 hr, with constant input. For this analysis, dissolved oxygen, pH,
suspended particulates, water depth, sediment depth, velocity, and
dispersion were varied to simulate the different environments.
Table 1 gives the conditions used in each simulation. In the swamp
system (Fig. 5) mercuric mercury is rapidly lost from the water
column in a very short distance after it is introduced at one end.
Presumably this is caused by slow flow and dispersion and rapid
sorption by the sediments. It exhibits similar behavior in .a lake, but
Hg2 * persists in the water column at a slightly higher concentration
after 48 hr.

After 240 and 432 hr, the lake has been more effective in
removing Hg2 + from the water column than the swamp. Two factors
are of major importance in this difference in behavior. The water in
the lake permits it to contain a greater total mass of mercury than
the swamp. A similar air—water interfacial volatilization flux,
therefore, affects the concentration in the lake more slowly than that

Fie-5 Behwior of mercuric mercury in a sarmlated nramp and lake
environment.
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Fig. 6 Behavior of mercuric mercury in a simulated stream and river
environment.

TABLE 1

PARAMETER VALUES FOR SIMULATING MERCURY
IN SELECTED ENVIRONMENTS

Parameter*

ZL
ZS
Vel.
Disp.
YF(I,D
YF(I,3)
YF (1,7)

Swamp

30.0
20.0

1.0
25.0

1.0X1CT4

i.d x id"s

1.0 X 10~s

Lake

100.0
10.0

1.0
25.0

2.5 X 10"4

1.0 X 10"7

1.0 X 10"7

Stream

10.0
1.0

400.0
75.0

5.0 X 1CT4

1.0 X 10"7

I.O x ior7

River

50.0
5.0

200.0
50.0

5.0 X lCT*
1.0 X 10"7

i.c x i<rs

•Abbreviation* and symbols are ZL, water depth (dm); ZS,
sediment depth (dm); Vel., velocity (dm/hr); Disp., dispersion
(dm2/hr); YF(I,1), moles/liter of oxygen; YF(I,3), moles/liter of
hydrogen; and YF (1,7), moles/liter of suspended particulates.



194 LASSITER AND MAI.ANCHUK

in the swamp; hence, in a net sense, the lake has changed less in 48
hr. The deeper organic sediment in the swamp quickly removes most
of the mercury from the shallow water and then slowly releases it,
causing a higher steady-state value in swamp water than in lake
water.

Both the stream and the river environments (Fig. 6) illustrate the
importance of the directional movement of water in causing varying
steady-state concentrations with distance. The graph of mercury
concentration with distance is very nearly the same at 432 hr as at 48
and 240 hr. This indicates that local steady-state conditions exist.
Increased suspended particulates in the river cause the mercuric ion
to be adsorbed and to remain in the water column (in the current
version of the model no sedimentation of suspended particulate
matter is represented).

CONCLUSIONS

After constructing and using an evaluative model for mercury, we
can identify two deficiencies in it. The uncertainty about the way
transformation processes operate is the most basic deficiency; the
processes cannot be described mathematically and confidently used
in a model unless they are understood. Second, uncertainly about
the value of such parameters as the equilibrium coefficient for
binding of forms to particulate materials limits the confidence that
can be placed in results obtained from the model.

The behavior of a substance in the environment is assumed to
result solely from the interaction of certain quantities considered to
be properties of the substance and other quantities considered to be
properties of the environment. Many of the properties of elements
have been studied and cataloged and are widely available. Some
quantities, such as a partition coefficient of mercuric mercury
between particulate material and water, are, by the nature of the
measurement, quantities that chemists naturally would measure.
Unfortunately, by the nature of the material, these quantities are
more likely to be considered properties of the environment. Chemists
usually prefer to work with defined chemicals rather than with
"particulate material," and, therefore, measurements of this sort are
not often made.
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ABSTRACT

Factors in properly collecting, preserving, preparing, and analyzing an environ-
mental sample are briefly reviewed. Since moct environmental samples are
biologically active and sensitive to their surroundings, handling and analysis must
be done in such a way as not to alter their elemental competition or true
identity. Standardization is essential for all phases of the analytical procedure.
Although there may be many ways to handle samples, the analyst needs to be
certain that the procedure followed will give the exact result. Tried and true
procedures are usually best.

The analyst who must determine the elemental content of an
environmental sample faces many decisions and potential difficulties,
beginning with sample collection and following through until the
final result is obtained in the laboratory. To collect, store, transport,
prepare, and analyze without adulterating the sample and to obtain a
statistically desired result is no mean task. The purpose of this paper
is to highlight important steps and procedures to be followed in
analyzing environmental samples. Other reports in this volume
describe various laboratory techniques, some old and some new,
which can be applied to a wide range of sample types to determine
elemental composition. Therefore, I shall not deal with specific
analytical techniques except to illustrate a point of general interest.

A series of excellent editorials in Analytical Chemistry (Laitinen,
1971a; 1971b; 1972a; 1972b) point out the role and association
analytical chemistry should play in environmental science. These
editorials provide an excellent overview of some of the key points
discussed here. An excellent review paper by Iisk (1974) points to
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the problems and potential solutions when working with environ-
mental samples and trace constituents.

SAMPLING

Probably no other single aspect of an environmental analysis
problem can have such a marked effect on the final result as the
techniques used to collect the samples. The one unique feature of
most environmental samples is their complexity and heterogeneity.
For example, even water is a compound of substances in the
environment. Pond, lake, stream, and even well water can contain a
variety of suspended miners! and organic solids, organic and
inorganic solutes, and living organisms. Lack of homogeneity and the
complex nature of most samples of ecological interest present to the
collector a number of important factors to consider. The element(s)
of interest, their concentration in the sample, and the desired
precision of the final analytical result are factors that may put
specific limits on sampling frequency and procedure, as well as the
number of samples to be collected. If the elements of interest and
their expected concentration are known, precision becomes the
essential component in the sampling technique employed.

With knowledge of the expected sample heterogeneity and the
precision desired, we can determine the number of replicate samples
necessary. In sampling tree and fruit crops to determine their
element content, Steyn (1961) and Colonna (1970) found it
necessary to take fairly large numbers of replicate samples to obtain
the precision desired. However, sampling procedures that adequately
described the element content and concentration in leaves for one
tree presented an entirely different sampling problem than did
procedures needed to make the same evaluation for a composite of
many trees. Steyn (1961) indicated that in some situations heteroge-
neity may be so great that it would be physically impossible to
collect the number of replicate samples needed to obtain a certain
level of precision. SimUar sampling studies have been conducted by
others for soils, and an excellent review on the subject was prepared
by Peck and Melsted (1973). A study by Ludwick, Soltanpour, and
Reuss (1976) on soil sampling for nitrate assay presents Ihe same
precision problem described by Steyn (1961).

Compositing individually taken samples and analyzing Ihe com-
posite is the frequent practice. I found that the mean of 20 soil cores
individually analyzed for extractable phosphorus and potassium gave
different values than single analyses of composites of the cores, and
the mean of analyses of four composites of the 20 soil cores gave still
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different analytical results. The soil being sampled was considered
essentially homogeneous since it had not been fertilized for a number
of years. Such experiences point to the fact that most sampling
techniques are quite crude at best. It may never be possible to define
accurately the exact elemental content of a population under study
with the commonly prescribed sampling procedures.

It would be impossible for me to describe in detail here all the
ramifications associated with sampling; it is indeed a topic in itself.
Therefore, I can only warn the sampler of the pitfalls and of the
effect the sampling technique employed has on the final result. It
may be necessary to develop a sampling technique based on a specific
study of the problem at hand. We should not overlook the larger
aspects of sampling, such as time to sample and frequency of
sampling. The standardized procedures used to collect plants for
elemental assay may provide a helpful guide for other substances
(Jones et al., 1971).

SAMPLE STORAGE

Storing and transporting a collected sample without altering its
composition may be difficult. The storage technique used may result
in degradation of the sample or loss of or addition to the
to-be-analyzed components. It may be desirable to stop all chemical
and biological activity by some preservation technique, such as
chilling or poisoning the sample, air- or oven-drying, or freezing.
(Remember that the process of freezing is similar in many ways to
air- or oven-drying.) If the analyst is looking for nitrate or mercury in
a sample, preservation is usually essential to maintain the original
form of the element in the sample. The oxidation state of certain
sample constituents may change with exposure under particular
storage conditions. Certain constituents in low concentrations in the
sample may be easily adsorbed on Hie walls of the storage vessel.
Struempler (1973) found polyethylene bottles to be generally best
for water storage if the water is acidified to a pH of 2 with nitric acid
and stored in the dark if silver is an element of interest. Additions of
materials may occur when samples come in contact with surfaces of
higher concentration. For example, boron, a constituent in the glue
in some paper bags, can be added when fresh wet samples are stored
in the bags, thus moistening the glue, and contact with rubber can
contaminate samples with zinc.

Rapid air-drying may. be necessary to preserve the integrity of
some samples. Lockman (1970) found this necessary to avoid dry
weight loss caused by decay of plant tissue samples. Westfall,
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Henson, and Evans (1976) reported rapid air-drying to be the only
way to preserve soil samples for future nitrate assay. They found that
even freezing the soil sample did not entirely stop the loss of nitrate.

Steyn (1959) found that, for long-term storage of dried p?ant
tissue, dry weight losses were minimal when samples were stored in
sterilized, sealed bottles at —5°C.

It may be necessary for the researcher to test his storage system
before beginning his collection to ensure that no sample changes
occur which will invalidate the final analytical result. Since probably
no one system of sample handling and storage will meet every
situation, it would be impossible to outline a specific system to meet
every sampling situation.

SAMPLE PREPARATION

Relatively few substances can be taken directly from the field
and analyzed without some preparation. In general, most samples
require drying, grinding, or solubilization before elemental assay.
Some samples may also require decontamination to remove extrane-
ous substances (Jones and Steyn, 1973). Each of these steps can alter
the physical characteristics of the sample and, at the same time, are
potential sources for undesirable chemical change or contamination.

Drying at elevated temperatures may volatilize an element,
change its form, or alter the dry-matter content of the total sample.
A common error when drying biological substances is to use too high
a temperature. Also most analysts have accepted a particular drying
technique that establishes the sample form for laboratory analysis;
e.g., soil analyses are based on an ambient air-dry sample because
drying soil at elevated temperatures is not recommended (Jones,
1974). For some types of soil samples, however, air-drying is not
recommended unless an account is made for release of potassium.
Hanway et al. (1962) reported significant release of soil potassium
when Iowa soils were air-dried and an even greater release when they
were oven-dried. Therefore, the Iowa Soil Testing Laboratory uses a
wet extraction procedure for assessing the potassium status of
agricultural soils when making potassium fertilizer recommendations
(Hanway, 1964). Most drying techniques for a wide variety of
biological tissues call for temperatures between 60 and 80°C. The
standard laboratory oven temperature (110° C) causes considerable
sample degradation for many tissues (Jones and Steyn, 1973). Such
samples as fruit or animal tissues are best freeze-dried.
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Grinding may be necessary to reduce the sample to a manageable
size and at the same tune to homogenate the sample. Care must be
taken, however, to ensure that grinding does not fractionate (Nelson
and Boodley, 1965; Smith et al., 1968) or contaminate the sample
(Hood, Parks, and Hurwitz, 1944). Tbr most commonly used
grinding technique in the United States involves s cutting mil! such as
a hammer or Wiley mill (Grier, 1966). Elsewhere ball milling is more
commonly employed (Steyn, 1959). A unique grinding technique for
small samples which minimizes contamination is described by
Graham (1972). No matter what technique is used to prepare a
sample, it should be carefully tested on the type of sample to be
analyzed to ensure that fractionation and contamination do not
occur.

Ths soiubilization technique used to prepare a sample for
analysis, when necessary, is a major consideration. Much has been
written on tins subject, with advocates of particular techniques
arguing the pros and cons of their methods. The best reference on
this subject is the book by Gorsuch (1970). Some general rules
regarding the techniques of dry- versus wet-ashing bear mentioning
here. Boron cannot be determined when samples are wet-ashed
because it is volatilized in the ashing process. For elements that are
easily volatilized, wet-ashing is always more desirable; however,
dry-ashing can give equally good results, even for the more volatile
elements, if the following precautions are heeded:

1. Ashing temperatures should not exceed 500°C.
2. Ashing vessel should be suspended in the muffle furnace to

avoid superheating when the base is in contact with the heating
element in the floor of the furnace.

3. Ashing aids, such as MgO, which can effectively trap and ix>in
a number of volatile elements during muffling, may need to be
avoided.

4. High-walled ashing vessels should be used rattier than open,
flat-type ashing vessels.

Unique modifications of the dry-ashing procedure have been pro-
posed by other investigators (Graham, Llano, and Ulrich, 1970;
Harrison and Andre, 1969).

Use of the Parr pressure bomb (Parr Instrument Co., Manual
No. 121) for wet-ashing and low-temperature vacuum ashing (Qeit,
1963; Mulford, 1967) are two special techniques that may be
applicable to particular types of samples. These procedures are slow,
however, since only individual samples or small numbers of samples
can be handled at one time.
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METHOD OF ANALYSIS

There is no substitute for relying on tried and proven methods of
analysis and following every detail for the analytical technique given.
Even Piper's (1942) old book describes methods that, when property
executed, give reliable results. Some references that may be helpful
are:

Substance to
be analyzed

Animal tissue
Plant tissue
Soil

Water

References

None known
Jones and Steyn (1973)
Jackson (1958)
Black (1965)
Jones (1974)
American Public Asso-

ciation (1971)
Environmental Protection

Agency (1971)

Even the selection of reagents u-sed in the laboratory can have an
effect on the final analytical result, particularly as it relates to purity
(Alcorn and McMenamy, 1971; Barnard and Dudley, 1973). The
laboratory environment, even the ambient air brought into the
laboratory through the heating and cooling system, can be a source
of contamination (Lisk, 1974). Frequently the least likely source can
be the major means by which a contaminant can enter into an
analysis and invalidate the result.

Most analytical procedures call for the use of a particular
instrument or instrument-related technique. Walsh (1971) edited a
book that describes a number of instrumental methods for analyzing
soils and plant tissues.

Each instrumental analysis procedure has its advantages and
disadvantages. Nondestructive methods, such as X-ray fluorescence,
have a distinct advantage for samples in which the quantity is small
and the number of different determinations requires more material
than is available. Sensitivity and elemental interferences may dictate
which instrumental technique is best suited for the sample under
study, or the form of the element to be determined can dictate the
instrumental technique to be employed.

Bowen (1967) distributed carefully collected samples of kale to a
number of laboratories for elemental assay. The results of the
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analyses indicated that certain analytical techniques were better
suited for some particular elements. Although some investigators
might challenge Bowen's evaluation of the results obtained, he does
raise a significant point that warrants careful study. In a way,
acceptance of a particular analytical method for an element is well
entrenched. Few would dispute the use of the Kjeldahl technique for
total nitrogen, flame emission speetroseopy for potassium and
sodium, or atomic absorption spectroscopy for zinc. Conversely,
there are those vLo are skeptical of particular methods and
techniques that do not have good records of performance. The whole
official methods system of the Association of Official Analytical
Chemists (AOAC) is based on proven performance (Horwitz, 1975).
Similarly, the Environmental Protection Agency has taken steps to
specify analytical techniques for water analyses (Federal Register,
1973b).

The standardization of techniques and laboratories has come
under considerable discussion. Laitinen (1972a; 1972b) editorialized
on the subject; Jones (1973) discussed this subject for soil testing;
and the Council on Soil Testing and Plant Analysis published a
handbook on soil testing methods (Jones, 1974). The analysis of
water has attracted the most attention in regard to standardizing
procedures (Stack, 1972) and selecting particular instrument tech-
niques (Phillips, Mack, and MacLeod, 1974).

The certification of laboratories and even of the analytical
chemist himself, as discussed by Sanders (1975), has not escaped
consideration by the federal government and other associations and
scientific societies.

STANDARDS AND STANDARDIZATION

Besides improper sampling, the weakest procedure in most
analytical systems is standardization. Much of the difficulty lies in
the fact that suitable standards of known composition which are of
the same character as the unknowns are not available. Biological
samples of known element content are essentially nonexistent for
most substances. This is in marked contrast to other analytical areas
where standards are readily available and widely used.

Cali (1976) reviewed the reference materials program of the
primary source of standards, the National Bureau of Standards (NBS)
in Washington, D. C. The NBS currently has only two biological
standards, Orchard Leaves [No. 1571] and Bovine Liver [No. 1577],
but they are diligently working on a number of other standards that
will be essential to the analyst working with biological samples.
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Without suitable standards, the analyst is faced with the problem
of verifying the accuracy of the analytical results obtained. Hie most
common error is to standardize the analytical procedure by use of
standards of pure solutions or of a composition markedly different
from the unknowns. The results can also be verified by asking other
laboratories or investigators to analyze the same sample by another
or a similar technique. Lack of agreement should caution the analyst
on a possible error in standardization.

A unique technique is to carry a similar known sample in each
group or lot of samples being analyzed. The analyst can then use the
replicate analyses to monitor his analytical technique. From these
repeated analyses, he can determine an estimate of the precision of
each analysis performed. For example, the Occupational Safety and
Health Administration has published two papers on laboratory
certification (Federal Register, 1973a; 1976a), and the Food and
Drug Administration has a proposal for regulating good laboratory
practices (Federal Register, 1976b). Sanders (1975) published an
interesting article on the analyst's part in a standardized analytical
system.

All this activity to certify, standardize, and accredit should point
out to the analyst the care that is required in sampling, handling,
storing, and analyzing any s> ' tance and in obtaining results of
meaningful value within expecteu _ .curacy and precision limits.

PRECISION AND ACCURACY

Precision, which is essentially a measure of how good all the steps
defining the sample and its elemental composition were, is impor-
tant, but just as important is accuracy. An accurate result is essential
and can be obtained only if each procedure in the analysis is properly
carried out, beginning with the gathering of the first samples.
Achieving good precision is an easy task for a skilled analyst if he is
meticulous in each analytical step. Kahn, Bancroft, and Emmel
(1976) described the steps required to achieve good precision with
the flameless atomic absorption technique; these are applicable to
most other analytical methods. Yonden (1969) described in some
detail the statistical techniques used by the AOAC to evaluate
analytical techniques for adoption as "official" AOAC methods;
these have broad application and can be used to evaluate any
analytical method.

Achieving good accuracy may not be easy if adequate standards
ace not available for comparative purposes. When recognized stan-
dards are not available, it is best to have one or several of the
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unknowns analyzed by another laboratory. The importance of this
aspect of the analytical results cannot be overemphasized. Consider-
able data in the literature today are highly suspicious because the
analyst failed to check his procedure with known standards or to
compare his results with those of other investigators. As mentioned
earlier, the use of tried and proven analytical techniques, such as
those described by Piper (1942), Horwitz (1975), the American
Public Health Association (1971), the Environmental Protection
Agency (1971), and Jones (1974), can go a long way in ensuring
accurate results.

For those who must rely on service laboratories for analyses, the
report by Karasek (1975) should be helpful.

In summary, the environmental analytical chemist faces many
problems in dealing with complex biological samples of unknown
composition. Great care is needed from the time the sample is taken
until the final analytical result is obtained to ensure that the
published data are indeed the actual contents or compositions.
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ABSTRACT

Broiler litter was applied to coastal bermuda grass plots for 2 years and to
Kentucky-31 tall fescue pastures for 6.5 years, with average annual inputs of
176.7 and 19.8 tonnes/ha, respectively, which resulted in total arsenic inputs of
8.22 and 2.59 kg/ha, respectively. These application rates caused no significant
arsenic residue hazard in soil, plant, or water samples. The arsenic analysis tech-
niques used permitted detection of small increases in arsenic concentrations in
coastal bermuda grass forage, in soil-water percolate samples collected at depths
of 15.2 and 30.5 cm, and in the hair of cows grazing fescue (relative to controls).
Nitrogen loading rates, rather than arsenic, limit broiler-litter application rates to
25 tonnes ha'1 year"1 for coastal bermuda grass harvested as hay and 9 tonnes
h a 1 year"1 for fescue pastures.

Arsenicals are used in poultry feeds to control coccidiosis and to
promote chick growth (Calvert, 1975). The arsenicals used include
arsanilic acid (poultry and swine), 3-nitro-4-hydroxyphenylarsonic
acid (poultry and swine), 4-nitro-phenylarsonic acid (turkeys), and
p-ureidobenzenearsonic acid (turkeys); these are added to poultry
rations at rates, of 100 mg/kg for arsanilic acid and 50 mg/kg for
3-nitro-4-hydroxyphenylarsonic acid. The U.S. Food and Drug
Administration regulation requires that arsenicals be withdrawn from
the feed for at least 5 days before the animals are slaughtered (Cal-
vert, 1975). Arsanilic acid is excreted largely unchanged, with no
evidence for conversion to any other compound or to inorganic
arsenic. The 4-nitro-phenylarsonic acid may be partly converted to
arsanilic acid, and 3-nitro-hydroxyphenylarsonic acid may be partly
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converted to 8-amino-4-hydroxyphenylarsonic acid. There is little
evidence for conversion of the 3-nitro to inorganic arsenic (Calvert,
1975).

Woolson (1975), studying the persistence of arsanilic acid in
small (25-fO samples of soil incubated in the laboratory, found that
after 32 weeks > 10% of the applied arsanilic acid could be extracted
from the soil. He concluded that arsanilic acid is degraded to arsenate
and an organic moiety. Some reduction of arsanilic acid to a volatile
organic arsenical occurred in Christiana clay loam but not in Lake-
land sandy loam or Hagerstown silty clay loam. On the basis of ex-
traction behavior, Wooison concluded that arsanilis acid formed salts
with aluminum, iron, and calcium in the same manner as arsenate
and phosphate do.

Selby etal. (1974) cited a mean o ' 8.7 ppm As in 1140 soil
samples collected from 114 counties in Missouri. They also reported
a case of arsenic intoxication by cattle grazing an acre where the soil
contained 9500 ppm As and the vegetation (fescue and timothy)
contained 440 ppm As.

The fate of excreted arsenic in litter (feces, urine, and bedding)
applied to the land is of concern to farmers, extension workers, and
researchers in the north Georgia area. In response to this concern, we
determined the concentrations of arsenic in field plots where various
rates of broiler litter were applied to coastal bermuda grass (Cynodon
dactylon, L. pers.) harvested as dried forage and in a Kentucky-31
tall fescue (Festuca arundinacea, Schreb) pasture fertilized with
broiler litter and continuously grazed by Angus cows and their
calves. Other aspects of studies dealing with yield responses of
bermuda grass to broiler litter and with the effects on cow—calf
health and performance of heavy broiler-litter fertilization of fescue
pastures have been described previously (Wilkinson, Dawson, and
Barnett, 1976; Wilkinson et al., 1971; Stuedemann et al., 1975).

In this study we evaluated arsenic contents of broiler litter from
several commercial poultry farms in northeast Georgia and examined
the effect of broiler litter containing arsenic on the concentration of
arsenic in soils, coastal bermuda grass hay, tall fescue herbage, soil-
water percolate, water runoff, and hair from cows grazing tall fescue.

EXPERIMENTAL PROCEDURE

AtMiG Mswptioii DrtwmiibliM i f
with « Hydride Generation Syttm

Separating arsenic by ndtjg^P^^^^^^^^^^fiBHB,* and
determining by
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matrix-free system for use by the analytical chemist. Pollock and
West (1973) used a hydrogen—argon flame, but the nitrogen-
entrained flame gave adequate sensitivity for our procedures. Sepa-
rating the arsenic from the original matrix reduces interferences to a
minimum.

Results of a bovine liver sample amended with arsenic at the
Georgia laboratory are compared with those of another laboratory in
which the same methodology was used (Table 1). Recovery of
arsenic ranged from 96 to 110%.

TABLE 1

RECOVERY OF ARSENIC ADDED TO BOVINE LIVER SAMPLES,
DETERMINED AT TWO DIFFERENT LABORATORIES

Sample

1
2
3
4
5

Arsenic
added, ppm

Liver blank*
0.50
0.86
1.03
1.52

Arsenic recovered, ppm

Georgia
laboratory

t
0.48
0.95
1.07
1.63

Laboratory 2

t
0.50
0.83
0.93
1.41

*No arsenic added. tNo arsenic detected.

The detection limit of the method, as reported by Fernandez
(1973), is 0.003 jug As. Fernandez also reported the precision of the
method on 10 replicate determinations with a coefficient of variation
of 3.2%. We found the same limit and coefficient of variation in our
laboratory. The following materials and equipment were used:
Reagents

HC1 (50 vol.%), standard reagent grade (deionized H2 O)
HNO3 (50 vol.%), standard reagent grade (deionized H2O)
Mg(NO3 )2 • 6H2 O, reagent grade
NaBH4 ,pellets'%2 in.
1000-ppm As standard solution

Special equipment -
Atomic absofgjjgaMWMttophotorneter
High sennti^BHHH^iNJo^iin sampling system

expansion)
(requires a. microwave power



210 ISAAC. WILKINSON. AND STUEDEMANN

Fuel (hydrogen), 7.3 liters/min
Carrier gas (nitrogen), 19.4 liters/min

Arsenic standard solutions
Intermediate solution, 10 ppm As (dilute 10 ml of 1000-ppm As
solution to 1 liter with H2 O)
Working solution, 0.1 ppm As = 0.1 /tig As/ml (dilute 10 ml of
intermediate solution to 1 liter with 50 vol.% HC1)

The standard curve was prepared in two steps:
1. Amounts of 0.0-, 1.0-, 3.0-, 5.0-, and 7.0-ml standard solution

containing 0.1 jug As/ml were placed in 125-ml Erlenmeyer flasks.
2. Volumes were adjusted to 10 ml with 50 vcl.% HC1, and we

proceeded as in step 3 of the sample analysis.
Samples were prepared in the following steps:
1. Five grams of sample, previously dried at 75°C overnight and

ground to pass a 1-mm screen, was weighed into a 50-ml Vycor
crucible.

2. Approximately 2 g Mg(NO3)2-6H2O was mixed with the
sample, and the mixture was heated in a muffle furnace overnight at
600°C.

3. The sample was allowed to cool, and the ash was wet with 1
mlH2O.

4. Three milliliters of 20 vol.% HNO3 was added; the sample was
placed on hot plate, and excess HNO3 was boiled off.

5. The sample was returned to the muffle furnace and heated 1
hrat600°C.

6. The sample was allowed to cool and was wet with 1 ml H2 O.
7. The ash was dissolved in three 10-ml portions of 50 vol.% HC1.
8. The solution was transferred to a 50-ml volumetric flask and

diluted to volume with 50 vol.% HC1.
Sample analysis steps were
1. Sauiple aliquots, 1- to 10-ml, which would give 0.1 to 0.5 jtig

As in solution were placed into 125-ml Erlenmeyer flasks (2%2
ground-glass outer joint).

2. The volume was adjusted to 10 ml total with 50 vol.% HC1.
3. The flask was connected to the hydride generator and secured

with the support jack.
4. With the four-way stopcock closed, 1 pellet NaBH4 was added

through the dosing stopcock.
5. After the reaction was complete (~30 sec), the four-way stop-

cock was opened, and the arsine gas was introduced into the flame.
6. The results were read on a strip-chart recorder, and the arsenic

concentration in the aliquot was determined from a standard curve.
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7. Check standards were run after every 10 samples to assure
curve stability. A full set of standards were run before and after each
analysis series.

Broibr-Litter Applications on Coastal Bermuda Grass

This experiment, which began in June 1972, consisted of surface
applications of broiler litter to existing coastal bermuda grass plots
on Cecil sandy loam soil having a 6% slope. Each plot was equipped
with a catchment tank to catch all runoff and with suction-cup
lysimeters at depths of 15, 31, 61, 122,183, and 244 cm to sample
soil-water percolate. Each plot was 21.3 by 4.3 m and was separated
from every other plot by buffer areas. Broiler-litter application rates
ranged from 0 to 179.2 tonnes ha'1 year"1 (dry matter). The annual
rate was applied in four equal increments during the year. Each
treatment was replicated twice in a randomized block design. The
effects of broiler-litter rates on yields of coastal bermuda grass forage
are reported elsewhere (Wilkinson, Dawson, and Barnett, 1976). All
broiler-litter rates in excess of 44.8 tonnes ha"1 year"1 were discon-
tinued after 2 years. Forage was harvested monthly from May to
October, and weeds or oversown rye (Secale cereals L.) were har-
vested whenever growth was sufficient for practical and convenient
harvesting. Other studies on these plots are under way in our labora-
tories to determine the fate of nitrogen and other plant nutrients in
the litter (Stuedemann et al., 1975; Wilkinson, Dawson, and Barnett,
1976).

Samples of soil (0 to 7.6 cm deep) and litter residue (undecom-
posed litter residue recognizable at the soil surface) taken from five
randomly selected sites within each plot in June 1974 were air-dried,
mixed thoroughly, and composited for chemical analysis. Yields of
forage were determined from three harvested areas (0.8 by 4.6 m)
in each replicate. The forage was oven-dried at 55CC, ground through
a 30-mesh screen, and well mixed before chemical analysis. Soil-
water' percolate samples were taken from suction-cup lysimeters
(replicated twice) and analyzed directly for arsenic. Runoff water
was collected from the entire plot. There was very little runoff,
however, because of the high infiltration rates and water-holding
capacity of the broiler-litter fertilized bermuda grass sods.

Broiler-Litter Applications on a Kentucky-31 Tall Fescue Pasture

Three established Kentucky-31 tall fescue {Festuca arundinacea,
Schreb) pastures fertilized at three different nitrogen levels were
used. All pastures were stocked with Angus cows of similar genetic
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background. Soil types were similar for all three pastures (Cecil
sandy loam on 2 to 6% slopes and Cecil sandy clay loam on 6 to 10%
slopes with small areas of Pacolet sandy clay loam).

A fescue pasture, with no history of poultry-litter fertilization,
was fertilized with broiler litter (high nitrogen) at an annual rate of
24.1, 22.3,19.1, 22.4,17.3,10.7, and 12.4 tonnes/ha (dry matter)
during the years from 1968 through 1974. No litter was applied after
December 1974. Samples of litter were analyzed for arsenic as de-
scribed. A second fescue pasture (moderate nitrogen) with no history
of poultry-litter fertilization was fertilized with 134 kg N/ha (as
NH4NO3) in 1969 and with 224 kg N ha"1 yeaf1 from 1970
through 1975. A third fescue pasture (low nitrogen) with no history
of poultry-litter fertilization was fertilized with 84 kg N/ha (as
NH4NO3) in 1972 and 74 kg N ha"1 year"1 from 1973 through
1975.

Cattle were managed similarly on each of the pastures. Cows
grazed each pasture on a year-round basis and remained on the same
pasture. The stacking rate was 2.47 cow—calf units per hectare. Cows
were replaced only if they died or failed to reproduce. With the
exception of fertilization, all pastures were managed in a similar
manner.

In July 1974 and August 1975, six cows (different cows on each
date) were randomly selected, and their hair was sampled for arsenic
levels. A hair sample was obtained on the left side of the dorsal
midline of each cow.

Soil samples (0 to 7.6 cm deep) taken in July 1973 from each
pasture were analyzed for arsenic, as were samples of tall fescue
herbage selected in March, July, and September from each pasture in
1973, 1974, and 1975. A total of 16 plant samples per pasture were
analyzed for arsenic. Further information on the experimental
pastures was reported by Stuedemann et al. (1975).

RESULTS AND DISCUSSION

Broiler-Litter Applications on Coastal Barnw4a Grass

Arsenic concentrations in broiler litter from eight different farms
averaged 24 ± 12 ppm and rangech&pm 4 to 40 ppm. This concentra-
tion was in general agreement with the data of Barnett (1969), who
found 34.21 ± 4.19 ppm As; of Morrison (1969), who reported 15 to
30 ppm As in litter from poultry houses in Arkansas; and of EI-
Sabban et al. (1969), who reported 17 ± 22 ppm As from 55 broiler
and layer houses in Pennsylvania. ^N.
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Arsenic was apparently leached from the litter residue; its con-
centration was roughly half that in the original litter and the weight
of the residue was less than half that originally applied (Table 2).
There was no statistically significant difference in arsenic accumula-
tion in litter or soil at the 5% level of probability as determined by
f-test. The arsenic levels in the soil were less than or about equal to
the normal background soil level for Georgia (3.47 ppm As) (Sand-
berg and Allen, 1975) and the level of 5 ppm As that Edwards
(1973) considered as no hazard to the environment. Sandberg and
Allen pointed out that within site variation might be tenfold, there-
by making assessments of arsenic accumulation subject to error. The
total arsenic input at the rate of 179.2 tonnes ha"1 year"1 of broiler
litter over the 2-year period was slightly less than that which would
result from three sprayings of dimethylarsinic acid (an organic herbi-
cide) at 5.6 kg of active ingredient per hectare per application (9.1 kg
As/ha from dimethylarsinic acid vs. 8.22 kg As/ha from the broiler
Utter).

The arsenic concentration in coastal bermuda grass forage was
significantly increased by the application of broiler litter (P < 0.05),

TABLE 2

ARSENIC CONCENTRATIONS IN SOIL AND BROILER-LITTER
RESIDUE AS AFFECTED BY BROILER-LITTER APPLICATION

TO COASTAL BERMUDA GRASS

Annual
treatment*

Control, no fertilizer
224 kg N/ha

(NH4NO3)
1344 kg N/ha

(NH4NO3)
22.4 tonnes litter/ha
44.8 tonnes litter/ha
179.2 tonnes litter/ha

Arsenic in
litter applied

ke ha""'
ppm 2 years,"

0 0

0 0

0 0
23.8 1.03
23.8 2.06
23.8 8.22

Arsenic iu
litter residue.f

ppm

9.5
12.0

Arsenic in
0- to 7.6-cm
soil layer!

ppm

3.2

3.0

3.4
3.5
3.4
4.0

kg/ha

3.58

3.36

3.81
3.92
3.81
4.48

•Treatments were applied in four equal increments per year, beginning in
June 1972 and ending in May 1974. There were no statistically significant
differences in arsenic concentrations in litter or soil as judged by f-test.

•(•Concentrations and amount of arsenic in recognizable, partially
decomposed broiler litter remaining at soil surface.

I Based on a soil bulk density of 1.47 kg/cm3.
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but 0.31 ppm As was considerably lower than the 1.23 ppm level
that Sandberg and Allen (1975) considered normal for coastal
bermuda grass and the 2 ppm tolerance level suggested by Melsted
(1973) for grasses (Table 3). Melsted's tolerance level, which is quite
conservative, was based on the assumption that the land would be
used for many generations and that arsenic levels would not be toxic
to either plants or animals. Coastal bermuda grass fields sprayed with
monosodium methyl arsenate to control Dallis grass (Paspalum
dilatutum, Poir) contained 21 ppm As about 2 weeks after spraying.
No toxicity symptoms were apparent, and arsenic concentrations
dropped below 1 ppm 43 days later (S. R. Wilkinson, unpublished
data). Coastal bermuda grass is quite tolerant to arsenicals (Hiltbold,
1975). The rate of 179.2 tonnes ha'1 year"1 of broiler litter is a
disposal rate and is approximately eight times the rate recommended
for recycling broiler litter to coastal bermuda grass hay fields (Wilkin-
son, Dawson, and Barnett, 1976). At the recommended rate there
was little evidence for an increase in arsenic concentration in the
coastal bermuda grass forage. The recommended rate was based on
yield response optimums, nitrogen efficiency, and minimum leakage
of nitrate—nitrogen to drainage water. Nitrogen concentration is the
primary factor limiting the rate of broiler-litter disposal, and, if ap-
plication rates are safe from a nitrogen and an environmental degra-
dation point of view, there seems to be no hazard from arsenic
residues.

Arsenic recovery in the harvested coastal bermuda grass crop, in
the semidecomposed litter at the soil surface, or in the top 7.6-cm
soil layer was very low; this suggests large losses by other pathways.
Potential transfers or losses of arsenic include leaching; surface water
runoff; volatilization; and chemical precipitation, adsorption, and
occlusion in the soil. Sandberg and Allen (1975) believe that arsenic
is mobile and nonaccumulative in the air, plant, and water phases of
agronomic ecosystems. Arsenic may accumulate in soils, but prob-
able redistribution tends to preclude hazardous accumulations at a
given site. Volatilization losses have been suggested to represent sub-
stantial loss or transfer within agronomic ecosystems. Sandberg and
Allen (1975) postulated that 17 to 35% of the total input of arsenic
from alkyl arsenical herbicides might be lost as methyl arsines.

Liebig (1966) concluded that arsenic toxicity to plants appears
before appreciable amounts of arsenic are translocated to tops. He
reported that pasture grass (undefined species) contained 2.6 to 6.9
ppm As (dry weight), a level much higher than we observed in coastal
bermuda grass growing where broiler litter had been applied at 179.2
tonnes ha"1 year*1 for 2 years (Table 3). Liebig indicated that



TABLE 3

ARSENIC CONCENTRATION AND UPTAKE IN COASTAL BERMUDA GRASS

Annual
treatment*

Broiler litter.f
tonnes/ha

Arsenic, $
kg/ha

Bermuda
grass yield,
tonnes/ha

Arsenic in
bermuda grass, §

ppm

Arsenic
recovered

in crop.f kg/ha
Unrecovered
arsenic, kg/ha

>
3 1
CO
m

m
3)

2
r-
m
3)

Control, no fertilizer
224kgN/h«(NH4NO3)
i344kgN/ha(NH4NO3)
22.4 tonnes litter/ha
44.8 tonnes litter/ha
179.2 tonnes litter/ha

0
0
0

44.17
88.32

353.45

0
0
0
1.03
2.06
8.22

5.45
18.86
34.85
30.42
34.72
33.94

0.11
0.15
0.13
0.18
0.17
0.31

0.0006
0.0028
0.0045
0.0055
0.0059
0.0105

0
0
0
1.025
2.055
8.209

•Treatments were applied in four equal increments per year, beginning in June 1972 and ending in May 1974.
tTotal broiler litter, on dry weight basis, added over a 2-year period.
$Total arsenic added with broiler litter over a 2-year period.
^Concentration of arsenic in harvested top growth of coastal bermuda grass in June 1974 [LSD (0.05) « 0.12 ppm].
f Total yield of coastal bermuda grass times concentration of arsenic in top growth for June 1974.

ro
5!
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manure and high organic matter additions might reduce soluble
arsenic in soils.

Increased levels of arsenic were detectable in soil-water perco-
late collected from broiler-litter-treated plots at depths of 15.2 and
30.5 cm but not at or below the 61-cm sampling depth. Levels of
arsenic in soil-water percolate tended to be lower in 1976 than in
1975; this is consistent with the termination of broiler-litter and
arsenic inputs. The range of arsenic concentrations in soil-water per-
colate from the top 30 cm of soil was from <5 to 84 ppb. Arsenic
concentrations in the soil-water percolate were consistently lower
than 50 ppb, which is the Public Health Service's recommended max-
imum for drinking water quality.

Arsenic concentrations in surface runoff water from natural rain-
fall events were slightly higher in water collected from plots receiving
broiler litter but were always well below the tolerances for drinking
water quality.

Broiler-Litter Applications on a Kentucky-31 TaK Fescue Pasture

The mean and standard deviation of arsenic concentrations in 24
different samples of broiler litter collected from August 1968 to
December 1974 were 19.65 ± 6.79 ppm As. The arsenic concentra-
tions of these samples ranged from 4.9 to 32 ppm. The calculated
arsenic input to the Kentucky-31 tall fescue pasture was 2.59 kg
As/ha from 1968 through 1974. At such low rates of arsenic input, it
is not surprising that soil or plant tissue arsenic concentrations were
not statistically different by f-test in the broiler-litter-fertilized
pasture and the two control pastures receiving inorganic fertilizers
(Table 4).

Samples of Kentucky-31 tall fescue forage harvested from field
plots that received 71.7 tonnes/ha of broiler litter over a 2-year
period (about 1.46 kg As/ha) contained less than 1 ppm As, as did
control plots not receiving broiler litter (S. R. Wilkinson, unpub-
lished data). There was little or no indication from soil oi plant
sampling that the small arsenic inputs were being detected in the
forage available for cow—calf consumption.

Samples of tall fescue and orchard grass hay collected from north
Georgia and northwest Arkansas farms where broiler litter had been
applied for long periods of time also contained less than 1 ppm As
(S. R. Wilkinson, unpublished data). Morrison (1969) reported that
clover and alfalfa from Arkansas fields fertilized with poultry manure
for 20 years contained 0.15 and 0.12 ppm As, respectively.

Levels of arsenic in hair of beef cows grazing fescue pastures
fertilized with high nitrogen (broiler litter), moderate nitrogen, and
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TABLE 4

ARSENIC CONCENTRATION IN SOIL AND HERBAGE FROM
KENTUCKY-31 TALL FESCUE PASTURE RECEIVING

DIFFERENT FERTILIZATION*

Pasture fertilization

Low nitrogen
(NH4NO3)

Moderate nitrogen
(NH4NO3)

High nitrogen
(broiler litter)!]

Average
soil arsenic.f

ppm

1.9 ± 0.8

3.6 ± 1.9

2.2 ± 0.6

Proportion of plant
samples with

arsenic > detection
limit, f number/total

4/16

5/16

3/16

Average
plant

arsenic, § ppm

0.22 ± 0.11

0.18 ± 0.05

0.26 ± 0.11

•Pasture fertilization and management are described in the text. Values given
are mean ± standard deviation.

fSoil samples from July 1974 with three separate samples from low-
nitrogen-fertilized fescue, three separate samples from moderate-nitrogen-
fertilized fescue, and six separate samples from broiler-litter-fertilized fescue.

iThe number of herbage samples out of the total selected for analysis which
contained levels of arsenic above the analytical detection limits. Herbage samples
were analyzed from each pasture for March, July, and September in 1973,1974,
and 1975. No pattern was discernible for season or year, mainly because most of
the samples contained less than the analytical detection limit.

§Mean and standard deviation for herbage samples containing detectable
levels of As. There were no statistically significant differences between pasture
fertilization treatments by f-test.

HThe arsenic input to the broiler-litter-fertilized pasture during the period
from August 1968 to December 1974 was 2.59 kg As/ha in 128.17 tonnes/ha of
broiler litter (weighted average, 20.2 ppm As).

low nitrogen are presented in Table 5. Arsenic levels in hair of cows
grazing all pastures were higher in 1974 than in 1975. The reason for
this difference is not known. On both sampling dates the hair of
cows grazing the fescue fertilized with broiler litter contained signifi-
cantly greater levels of arsenic (P < 0.01) than did that of cows
grazing the NH4NO3-fertilized pastures. This indicates that the cattle
exposed to higher levels of arsenic did respond with increased arsenic
levels in hair. These results agree with observations that the hair of
dairy cows within 24 km of a copper smelter showed approximately
a twentyfold increase in arsenic (8.9 ppm) over that of cows more
than 56 km (0.46 ppm) from the smelter (Orheim et al., 1974). The
ranges of arsenic concentrations in hair given in Table 5 show con-
siderable variation among cows; this was also evident in the survey by
Orheim et al.
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TABLES

ARSENIC IN HAIR OF BEEF COWS GRAZING FESCUE
PASTURES FERTILIZED WITH DIFFERENT LEVELS

OF NITROGEN

1974* 1975*

Pasture fertilization Meant Range Meant Range

High nitrogen
(broiler litter) 0.99* 0.80 — 1.30 0.66* 0.25 — 1.27

Moderate nitrogen
(NH4NO3) 0.35b 0.23 — 0.58 0.19b 0.13 — 0.22

Low nitrogen
(NH4NO3) 0.41b 0.28-0.60 0.21b 0 .11-0.28

*Six cows randomly sampled from each pasture June 17,1974,
and Aug. 13,1975.

tMeans in the same column bearing different superscripts are
statistically different (P < 0.01) as determined by Duncan's New
Multiple Range Test.

Underwood (1971) cited examples indicating that normal human
hair contains 0.3 to 0.7 ppm As and that hair is consistently higher in
arsenic than are other tissues. Orheim et al. (1974) observed a similar
pattern for dairy cattle in that hair contained considerably higher
levels of arsenic than did blood or milk. Therefore it is probable titiat
the edible tissues of the cattle produced on the fescue fertilized with
broiler litter would contain arsenic levels within the range of normal
human foodstuffs. Many fruits, vegetables, cereal products, meats,
and dairy products contain 0.5 ppm As or less; however, foods of
marine origin contain much higher levels of arsenic (Underwood,
1971).

There is no evidence that this level of arsenic input was harmful
to the cows or their calves. The animal health problems associated
with broiler-Utter application, such as grass tetany, fat necrosis, and
fescue toxicity syndrome, were discussed by Wilkinson et al. (1971)
and Stuedemann et al. (1975). These investigators also point out that
the recommended rate of broiler-litter application is 9 tonnes ha'1

year"1, which is considerably less than that applied in the experi-
mental pasture. Therefore, nitrogen and potassium inputs (asso-
ciated with the occurrence of grass tetany) are the limiting factors
determining the rates of broiler litter to be recommended for ta'1
fescue pastures.

In summary, broiler litter was applied to coastal bermuda grass
plots for 2 years and to Kentucky-31 tall fescue pastures for 6.5



ARSENIC IN BROILER LITTER 239

years, with total arsenic inputs in Utter of 8.22 and 2.59 kg/ha,
respectively. The arsenic concentrations in soil, plant, and animal
hair were below or in the range of reported normal background
levels. Broiler litter applied at rates recommended as safe, in terms of
loss of nitrate in percolating soil water or surface runoff, will result
in no detectable arsenic residue hazard. With the capability of the
analytical techniques used, however, it was possible to detect effects
of broiler litter on the arsenic concentrations in coastal bermuda
grass forage, in soil-water percolate samples collected at depths of 15
and 31 cm, and in cow hair. The arsenic concentrations detected do
not seem to present any cause for concern when considered in the
perspective of the recognized arsenic toxicity levels of plants and
animals.
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ELECTROCHEMICAL METHODS APPLIED TO
THE ANALYSIS OF ENVIRONMENTAL SAMPLES

THOMAS B. HOOVER
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Athens, Georgia

ABSTRACT

The fundamental principles of electroanalytical methods based on potentiom-
etry, coulometry, conductance, and voltammetry are reviewed, and examples are
given of applications to environmental analyses.

The cycling of minerals in the environment involves an aqueous
solution at some stage. The ionic nature of dissolved minerals
suggests that electrical measurement techniques should be appropri-
ate for their chemical determination. Solutions are electrically
neutral over dimensions greater than a few hundred micrometers,
however, and measuring ionic species directly is very difficult. The
operational problem of observing individual dissolved ionic species
has even led a noted electrochemist to announce that he has lost
confidence in the theory of ionization (Brenner, 1975).

This brief review summarizes what can be learned about
electrolyte solutions from electrical measurements and how these
measurements are being applied to the analysis for metallic pollut-
ants. The advantages and limitations of the techniques will be
indicated.

To make an electrical measurement, we must convert the ionic
process in the solution to an electronic process in the measuring
circuit, nearly always through the mediation of an interface between
the solution and a metallic conductor, the electrode. The nature of
this interface has a profound effect on the properties of the solution
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which can be observed. The kinds of measurement are conveniently
classified as:

1. The potential difference between two electrodes in the same
solution.

2. The current flowing between the electrodes.
3. The impedance of the current path, i.e., the ratio of potential

difference to current.

The total quantity of electricity flowing in the external circuit is
sometimes of interest because Faraday's law relates it to the extent
of chemical reaction taking place at the electrodes. This quantity is
usually determined by integrating current over a time interval.

POTENTIOMETRY

Measuring the difference in potential between two points in a
solution reduces to measuring the potential between two metallic
electrodes that make reversible electrochemical contact with the
solution. Reversible contact means that a very small change in the
potential applied to the electrodes wiil make a corresponding change
in the direction of the chemical reaction taking place in the cell.
Specifically, an H2 gas electrode and a Ag—AgCl electrode placed in
•he same solution and connected by an external circuit perform the

+ AgCl(s) = Ag(s) + HC1 (solution)

ii .;. ..- supplied at a constant partial pressure, the potential
tin f, rtncc of tin- electrodes, i.e., the electromotive force (emf) of the
ceil. ..-: a m;-!:-•.:>:•: of the activity of HC1 in solution. This may be a
useful analytical result, but it is much more useful to relate the
measurement to a single species, e.g., the H* ion. We can do this by
maintaining the Ag—AgCl electrode at a constant potential by
placing it in a solution of fixed chloride concentration <e.g.,
saturated KC1) which is electrically connected to the test solution by
an orifice, salt bridge, or junction that permits only negligible mixing
of the solutions. The junction between different solutions, like that
between dissimilar metals, is characterized by a potential difference
that is a function of composition and temperature. With proper
allowance for the junction potential and for the contribution of the
reference electrode, the emf of the cell indicates the H* activity of
the test solution. The correction is made by substituting a standard
buffer for the test solution. The pH of the standard is defined to be
as consistent as possible with theoretical estimates of the H* activity
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on the basis of ionic theory; the value does not have strict
thermodynamic significance, however.

The familiar glass pH electrode responds almost identically to the
hydrogen electrode, but it is much more convenient to use. This
device has a useful response over nearly 14 orders of magnitude, with
a constant relative error of ~2%. Few, if any, other analytical
procedures combine such precision and such a large dynamic range
with the desirable features of nondestructive measurement, con-
venience, and low cost. Nevertheless, the pH electrode has some
limitations:

1.. A properly functioning reference electrode is as important as
the sensing electrode.

2. The pH is defined in terms of thermodynamic activity rather
than concentration.

3. Because of the dependence on dilute aqueous standards for
calibration, measurement in nonaqueous, partially aqueous, or
high-ionic-strength solutions is difficult or ambiguous.

4. The glass membrane shows some response to alkali metal ions
in high concentrations.

Table 1 summarizes other types of ion-selective electrodes
described in the literature. Nearly all of these are available
commercially. Particular glass compositions provide membranes
responsive to particular ions, but large excesses of similar ions may
interfere to some extent. The dynamic measurement range of each
electrode listed in Table 1 is much less than that of the pH electrode,
and it is instructive to look into the reason. Salt bridges and pH

TABLE 1

TYPES OF ION-SELECTIVE ELECTRODES COMMERCIALLY
AVAILABLE TO ENVIRONMENTAL CHEMISTS

Glast membrane

Ag+

Cu2+

Fe3*
H+

K*
Li+

Na+

NH4

Solid state

Ag+

Br+

Ca4+

Cd2+

cr
CN'
CO2'
Cu2+

F"

I"
Mn 2 +

Ni2+

Pb2*
S 2 '
SCN'

sor
Zn2*

Liquid ion exchange

Ba2+

BF;
Ca2+

cr
cio;
Cu2+

K+

NHJ
NOi
Pb2+

Gw sensing

CO2

H2S
NH3

NOX

SO2
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electrodes have been miniaturized to permit measurement of the pH
of as little as 1 /ul of solution. At pH 11,1 pil contains about 6 x 106

H* ions by calculation. The current sensitivity of good-quality
commercial pH meters""is-afeout 1 pA; this corresponds to 6 x 106

electronic charges per second. Thus we might expect that an attempt
to measure the pH of a 1 jul sample would completely destroy the
original character of the specimen. Such is not the case, however,
because the solvent water participates in a dissociative equilibrium to
provide a large H+ ion reservoir that maintains the original balance.
The OH" ion, which is determined reciprocally from pH measure-
ments, is, of course, the only other ion with the same relation to
solvent water.

Less than 10 years have passed since the first successful
ion-selective electrode other than the pH electrode became com-
mercially available. The lanthanum fluoride solid-state sensor for the
F~ ion made practicable the fluoridation of drinking water and
initiated one of the fastest growing developments in analytical
chemistry {Research/Development, 1977). The F~ ion-selective elec-
trode responds to about six logarithmic units of concentration of
highly ionized fluoride compounds and detects as low as about 0.02
ppm F~. In the presence of relatively high concentrations of such
complexes as ThF4 and ZrF4, free F~ can be determined to three
orders lower-concentrationsJbecause of the buffering action of the
complexes.

Similarly, the Ag2S solid-state membrane is very useful for
determining Ag+ or S2~ ions. The electrode responds to free Ag* or
S2~ ions down to l(T73f when these are the only forms in the
solution. In the presence of complexes, however, it gave a theoretical
response to free Ag+ over 24 orders of magnitude (Durst, 1969). This
means that for small samples there was an appreciable probability
that no Ag* ion was present, yet the electrode responded to the
thermodynamic activity of Ag* in equilibrium with the complex.

Compared with solid-state and glass-membrane electrodes, the
liquid-membrane ion-exchange types of electrodes listed in Table 1
generally have much narrower ranges of theoretical response. They
do, however, provide sensing capability for different anions.

Specific-ion sensors have been used in ingenious ways for varied
analyses. Electrodes covered with membranes containing immobi-
lized enzymes detect products of enzymatic reactions. In this way
the sensitivity and specificity of enzyme systems have been used to
determine such substances as urea, glucose, amino acids, etc.
(Guilbault and Rohm, 1975). Metal wires coated with ion-exchange
materials are inexpensive and provide outstanding selectivity for
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many cations (Freiser, 1976). Like other liquid ion-exchange
membrane electrodes, their working range extends to 10'4M only in
favorable cases. By covering a combination sensing and reference
electrode with a gas-permeable membrane, we can prepare detectors
for dissolved gases. Those for CO2 and NH3 are probably the best
known and most widely used. A prototype model for H2 S showed
anomalous response to dissolved gas concentrations below 0.1 ppm
(Hoover, 1975).

COULOMETRY

The quantity of electricity passing through a cell is directly
related to the amount of chemical change taking place at reversible
electrodes by the Faraday law. As an analytical method, therefore,
coulometry is an absolute technique in that it depends on the
measurement of amperes and seconds, quite independent of any
chemical standards. The precision is outstanding, typically better
than 0.1%, but the accuracy is no better than the degree of
reversibility of the electrochemical cell. Consequently, great pains
must be taken to prevent diffusive mixing of the anode and cathode
compartments and to prevent parasitic reactions at the electrodes.
Recent developments in coulometry have been well reviewed (Clem,
1973a), and applications have been described recently (Siegerman,
Chang, and Thompson, 1975). The technique appears to be most
appropriate for the repetitive determination of a major component
where the highest precision is required.

CONDUCTANCE

The proportionality constant in Ohm's law is impedance, but
electrochemical measurements usually use conductance, which is the
reciprocal of the direct-current component of impedance. The
specific conductance of a solution, determined for a path length of
1 cm and a uniform cross section of 1 cm2 , is a function of only the
concentration and mobility of the charge carriers. Although each
ionic species has a characteristic limiting mobility at infinite dilution,
the value varies with concentration, and there is no practical way to
resolve the contributions of different electrolytes in mixtures.
Consequently, specific conductance is a physical property that
provides only an approximation of the total ionic concentration of
mixtures and has limited analytical use.

Two major applications are in measuring extremely dilute
solutions and concentrated solutions of known electrolytes. Specific
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conductance is the official and prevalent measure of the salinity of
seawater, which has a nearly constant proportion of major ions. In
this application conductance is used to estimate density.

Specific conductance has long been used to monitor the purity of
distilled or deionized water. In that application a rough estimate of
the total ionic impurity may be all that is required, or the impurity
may be ascribed to a single species, such as CO2. Table 2 shows some

TABLE 2

CONCENTRATION OF ELECTROLYTE
REQUIRED TO INCREASE SPECIFIC

CONDUCTANCE OF WATER TENFOLD

Sodium Hydrochloric Carbon
Temp., Water, chloride, acid, dioxide,

°C juS/cm ppm ppm ppm

0.05 0.19

electrolyte concentrations at which the contribution from the
ionization of water itself is 10% of the total conductance. In the
sub-ppm concentration range, the relation between conductance and
concentration can be calculated theoretically more reliably than it
can be measured in standard solutions.

Although conductance can be measured by direct-current meth-
ods, by use of the reversible electrodes described and of separate
current and potential probes, inert metallic electrodes (such as
platinum) are more convenient to use. The effect of polarization
caused by faradaic electrolysis at the electrodes is reduced by using
alternating-current techniques. Useful results can be obtained at
power-line frequencies (60 Hz), but frequencies as high as 10 kHz
may be needed to reduce polarization of bright platinum in aqueous
solution to negligible values (Hoover, 1970).

AMPEROMETRY

The polarization of an electrode in an electrolysis cell can form
the basis for a very useful analytical technique by limiting the

5
15
25
35
55

0.016
0.031
0.055
0.091
0.142

0.11
0.16
0.23
0.31
0.41
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faradaic current through the cell. Consider the application of
increasingly negative potential to a mercury cathode in an unstirred
solution of some easily reducible ion, such as cadmium. At first the
distribution of cadmium between ions in solution and atoms in the
amalgam will be determined by the half-cell potential of the
ion—amalgam couple, and very few ions will be reduced. As the
electrode is made more negative, reduction is favored, until essen-
tially every ion that reaches the electrode is reduced. The solution
adjacent to the electrode tends to become depleted, and at more
negative potentials the faradaic current is limited by the steady-state
diffusion of Cd2* to the surface. The steady current then, being
diffusion limited, will be directly proportional to the concentration
of reducible ion in the bulk solution.

Mercury is a particularly suitable metal for the cathode material
in this application because, as a liquid, it can provide an extremely
reproducible, clean surface. The high over potential of mercury
toward H2 provides a wide potential range and strong reducing
conditions in which to perform analyses without interference from
the reduction of H+ ion or water.

The nature of the counter electrode and of the reaction taking
place there is almost immaterial so long as the current through the
cell is limited by the reaction at the polarized, or working, electrode.
The area of the counter electrode is usually made much larger than
that of the polarized electrode to help assure this condition.

In the familiar direct-current polarography, at the dropping
mercury electrode the detection limit for most ions is about
1 x 10'5M, because the total observed current includes a contribu-
tion from capacitative charging ot the electrode surface, as well as
the desired faradaic current from the electrochemical reduction. The
charging current arises from increasing electrode area (as is. the
growing mercury drop) or from increasing applied potential. Two
techniques for improving the analytical sensitivity are described.

Linear sweep voltammetry (LSV) employs a stationary mercury
drop electrode arid, hence, has constant area and a potential sweep
rate of several volts per second. The rapid change in applied potential
causes a large charging current but increases the faradaic current even
more because the small volume of solution next to the electrode is
stripped of reducible ions in a very short time. This technique is best
suited to determining a single species since the resolution of more
than one reduction wave is poor. The technique is rapid (a single scan
takes about 0.1 sec), and it has been partially automated (Afghan,
Goulden, and Ryan, 1972). The major limitation to precision in
older commercial instruments appears to be the resolution of the
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cathode ray tube. Whitnack (1976) described a significant improve-
ment in detection limits by digitizing the current from LSV. The
development of modern polarographic instrumentation is discussed
by Clem (1973b).

A modern, widely accepted approach to improved sensitivity is
differential pulse polarography (DPP). The current is sampled
immediately before and near the end of a square voltage pulse
superimposed on the ramp potential and synchronized near the end
of the mercury drop life. The difference of these signals gives a
faradaic current nearly free of charging contributions. The output
corresponds to a numerical differentiation of the direct-current
polarographic wave and gives well-defined peaks for each reducible
species. The voltage ramp rate is typically 2 to 5 mV/sec, and a
multi-ion scan may take 5 to 10 min. Detection limits arc typically
1 x 10~7itf for LSV and 1 x 10'8M for DPP.

Electroaetive ions can be preconcentrated very effectively by
electrodepositing them at controlled potential on a cathode, prefer-
ably a mercury drop or mercury thin film on a substrate such as
graphite or glassy carbon. The deposited metals should form only a
very dilute amalgam zi the mercury. The deposition does not need to
be quantitative but should be rigorously controlled so that it can be
calibrated by standard additions. The quantity and identity of
deposited metals are then determined by quantitatively redissolving
the metals into the solution under the control of an anodic voltage
scan. This process of anodic stripping voltammetry (ASV) can be
conducted with either LSV or DPP current-measuring techniques.
The extent of preconctrtiation depends upon the plating time,
which is, conveniently, 2 to 10 min. Detection limits of 1 x 10"1 °M
are readily obtainable. The capabilities and limitations of ASV have
been thoroughly reviewed (Copeland and Skogerboe, 1974), and a
practical scheme to use multiple cells to shorten the mean analysis
time was described by Lowry and Smart (1976). Princeton Applied
Research has developed a computerized instrument with capability
for all the described polarographic techniques, including automatic
sample changing, base-line correction, blank subtraction, and calcula-
tion of concentrations from standards run with the samples.

APPLICATIONS

Any analytical method for trace metals has particular character-
istics that make, it more suitable for some elements or samples than
for others. These characteristics complicate the comparison of
methods, but, when comparisons must be made, the detection limit
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for the total amount of an element (all forms) in the sample is one of
the important criteria. When using electrochemical techniques for
total elemental determination, the analyst must ensure that all the
element is in the form that is detected. This usually involves
acidification and often involves removal of organics and objection-
able anions. The major advantages and disadvantages of ion-selective
electrodes and of ASV are listed in Tables 3 and 4, respectively.

Compared with multielement techniques of atomic emission,
atomic absorption, or X-ray fluorescence, the electrochemical meth-
ods have an outstanding advantage in cost of instrumentation. The
most sophisticated polarographic system is available for less than half
the cost of optical or X-ray instruments. On the other hand, the
electrochemical techniques suffer severely in respect to the number
of elements that can be determined conveniently and sensitively.
Cahill and VanLopn (1976) compared atomic absorption spectros-
copy and ASV under conditions relevant to environmentalists.

TABLE 3

KNOWN ADVANTAGES AND DISADVANTAGES OF
ION-SELECTIVE ELECTRODES FOR

ENVIRONMENTAL SAMPLE ANALYSES

Advantages Disadvantages

Inexpensive ($500—2000) Respond only to free ionic species
Portable One ion per electrode
Convenient Need high ionic strength to calibrate
Rapid in concentration units
Uniform relative standard deviation High detection limit (>1 X l C ' M )

TABLE 4

KNOWN ADVANTAGES AND DISADVANTAGES OF
ANODIC STRIPPING VOLTAMMETRY FOR

ENVIRONMENTAL SAMPLE ANALYSES

Advantages Disadvantages

Cost ($2,000-25,000) Slow (5—20 min/analysis)
Sensitivity (10"' °M) Limited to metals that form amalgams
Little pretreatment required (principally Cu.Pb, Cd, Zn)

: Usually organic compounds must be
removed from sample
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The strength of electroanalytical methods appears to lie in the
loosely defined field of chemical speciation, where they have nearly
unique capabilities. The real analytical needs in this area should be
determined. Although most "free" ions in aqueous solution (to
which ion-selective electrodes respond) are recognized to be hy-
drated, the environmental significance of the distinction between
inner and outer spheres of hydration is not clear, and the definition
of an ion pair is still debated. Broad distinctions between stable and
labile complexes of ions can be made on the basis of rates of reaction
at the polarographic electrode, but few of the ligands in such
complexes have been identified.

Chau (1973) measured the copper complexing power of natural
and waste waters by titrating with copper and determining the excess
polarographically. Values from 1 x lO^ilf in Canadian lakes to 2 x
10'6M in sewage effluent, expressed as copper equivalents, were
found. The indium complexing power of a raw sewage effluent
(Haberman, 1971) and a treated sewage effluent (Hoover, 1973) was
similarly estimated as 8 x 1O'SM and 3 x 10"s3f, respectively.
Andrew (1976) recently employed the copper ion-selective electrode
to distinguish between free and total copper in natural waters and
related the concentrations of free copper to toxicity to fish. It
should be noted that ASV in samples containing organic compounds
is subject to severe distortion because of adsorption on the electrode
(Brezonik, Brauner, and Stumm, 1976).

Some of the outstanding needs in applying electrochemical
methods to the trace analysis of environmental samples are:

1. More reliable techniques for measuring ionic species under
environmental conditions. (Changing the electrolyte between the
plating and stripping steps of ASV might alleviate adsorption
problems.)

2. Better characterization of the species (especially complexes)
that give electrochemical responses.

3. Better sensitivity and selectivity of ion-selective electrodes.
[Ion amplification with exchange membranes (Blaedel and Niemann,
1975) is an approach.]

The potential application of electroanalytical chemistry to such
problems has barely been tapped.
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STABILITY OF ELEMENTAL COMPONENTS IN
A MULTITRACE-ELEMENT WATER STANDARD
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ABSTRACT

The National Bureau of Standards is currently developing a multitrace-element
water standard containing 20 trace metals of ecological significance, with
emphasis on elements needing improved analytical accuracy at or below the
1-ppm (10~6 g/g) concentration level. In addition to the trace metals, the
elements Na, K, Ca, and Mg were added at concentrations approximating natural
fresh water. These elements are usually found in higher concentrations in natural
water and offer particularly difficult interferences to atomic absorption
spectroscopy and neutron activation analysis. As a part of the production and
certification of this standard, the long-term stability of the component trace
elements at concentrations less than 1-ppm has been studied. Results indicated
that all elements of interest, except mercury, could be stabilized for more than 1
year with 0.5M HNO3. Mercury could be stabilized by adding gold ion at a
concentration 20 times that of mercury.

The study of natural water samples that require trace-element com-
positional data poses an especially difficult analytical problem
(Rattonetti, 1976; Murphy, 1976). The extremely low concentra-
tions of many toxic elements lead to all the normal problems
associated with ultratrace analysis. These problems are compounded
by the chemical mobility of the species being determined (Benes and
Stiennes, 1975). Also, unique problems are encountered in proper
sampling and storage of samples for laboratory analysis (Harrison,
LaFleur, and Zoller, 1975; Moody and Lindstrom, 1977). Valid
sampling of natural waters will not be discussed here, but it must be
emphasized that improper sampling can invalidate any such study.

232
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Most analytical methods used for trace-element analyses are rela-
tive techniques; i.e., the signals developed must be compared with
those obtained from standards of known compositions. Unfortu-
nately, experience has shown that pure, single-element, aqueous
standards do not compensate for interferences or changes in signal
response caused by the analyte matrix. In an effort to provide an
adequate standard for trace-metals analysis in natural waters, the
National Bureau of Standards is currently certifying a standard refer-
ence material (SRM) containing mixed trace element in water.

Two important considerations in developing any standard are
homogeneity and stability of the certified species. For water stan-
dards, elemental homogeneity is easily achieved by careful mixing of
the bulk solution in a single large container. Long-term stability,
however, is a recognized problem for many elements at low concen-
trations. Mineral acids have been employed as stabilizing agents and
are usually successful at 1 ppm and above (Rattonetti, 1976;
Robertson, 1976; Goldberg, 1972). At concentrations of parts per
billion, however, methods for long-term storage have not been docu-
mented.

Two studies were conducted to verify the long-term stability of
10 trace elements of wide interest to water chemists. The first, which
used radioactive tracers, was designed to indicate any elemental
losses to container walls. After the tracer study, a more comprehen-
sive investigation was carried out with simultaneous analyses by
atomic absorption, neutron activation, and isotope dilution spark-
source mass spectrometry. The second study was designed to indicate
problems of concentration elevation caused by reagent blanks and
leaching of trace elements from contact materials and to confirm the
results of the loss study.

The results of these stability studies indicated that the trace
elements of interest could be stabilized for more than 1 year with
0.5M HNO3. With this assurance, we have prepared a multitrace-
element water standard containing 20 trace elements.

MATERIALS AND METHODS

Initial stability studies were carried out with radiotracers of five
important elements, As, Se, Hg, Cd, and Zn. A master solution was
prepared which contained ~50 ppb (1 ppb = 10~9g/g) of the ele-
ments of interest. The solution was stabilized with HNO3 at a final
concentration of 0.5M HNO3 and with gold ion at a concentration of
1G~8 g Au/g water. The gold ion was added to stabilize mercury as
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described previously (Moody et al., 1976). The final solution was
stored in a 1-liter Teflon bottle under normal laboratory conditions.

Concentration stability was determined by withdrawing 1 ml of
the standard solution and counting it at a fixed geometry with a
Ge(Li) detector coupled to a 4096-channel pulse-height analyzer.
Individual photopeak activities were quantified by the total peak-
area method, and decay was corrected to the beginning of the experi-
ment. Relative elemental concentrations were obtained from the
counting data for a period of 255 days. At this time the errors in the
decay corrections of 7 3As and 2O3Hg became large, and the experi-
ment was terminated.

The tracer experiment gave information as to possible elemental
loss phenomenon but yielded no information on potential blank
problems, either from preparatory reagents or from the storage con-
tainers. In a concurrent study conducted to provide information on
blank problems, a trial solution of a multiple-element standard pre-
pared under clean-room conditions was analyzed over a 17-week
period. The trial solution was stored in precleaned 1-liter Teflon and
polyethylene bottles, which were cleaned and tested for blank using
a previously described procedure (Kuehner et al., 1972).

To make the trial solution and also the final SRM, we prepared
concentrated solutions of individual elements by dissolving weighed
quantities of spectrographically pure metals or compounds of the
elements of interest. By accurately diluting these standard solutions,
we made a test solution containing 18 trace elements plus mercury,
gold, and the four matrix elements (Na, K, Ca, and Mg). In certain
instances, most notably for beryllium, it was necessary to elevate the
concentration over the level normally found in fresh water to assure
a reasonable chance for analysis by two independent methods.
Analysis of this preliminary sample by neutron activation analysis
and atomic absorption spectroscopy indicated no potential problems
at these concentration levels.

For the final solution a single 208-liter polyethylene drum and
stirring paddle were cleaned in the same way as the storage bottles.
Carefully weighed amounts of specially purified water and HKO3
(Murphy, 1976) were added to the drum and stirred. Three master
solutions, which together contained all 24 elements, were carefully
prepared by weight dilution of the original concentrated standard
solutions. Aliquots of the three dilute master solutions were then
added to the water and HNO3 in the 208-liter drum with constant
stirring.

The resulting solution was stirred for several days, and then, to
ensure vertical mixing throughout the drum, we removed aliquots
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from a spigot at the bottom and poured them back into the top of
the drum. Finally, after complete mixing, the solution was trans-
ferred into 230 precleaned, 1-liter, serially numbered polyethylene
bottles. All the dissolutions, dilutions, and other manipulations were
carried out in a class 100 clean laboratory using techniques designed
to avoid contaminating the samples. Selected samples were taken for
certification analyses and long-range stability studies.

RESULTS AND DISCUSSION

The Initial stability study using radioactive tracers was continued
for a period of 255 days. In this study the initial specific activity of
each isotope on day zero was defined as unit concentration, i.e., 1.000
relative units. Changes in concentration were then determined by a
simple ratio of the specific activity at any time t compared with that
at time zero. Initial data were taken at frequent time intervals to
detect any rapid changes in concentration. When no discernable
changes were noted, the time interval between data points was pro-
longed. After 250 days the errors introduced by the half-life correc-
tion of data became unacceptably large for the isotopes with short
half lives; thus the experiment was terminated.

When this experiment was completed, the data set for each ele-
ment was analyzed by unweighted linear regression. Predicted final
concentrations and slopes, with associated errors, were calculated.
The individual data and predicted concentrations are given in
Table 1. No statistically significant differences between initial and
final concentrations of any element were observed except for zinc,
for which the predicted final concentration was slightly larger than
the initial concentration. A real increase in 6S Zn isotopic concentra-
tion is a physical impossibility, however. The observed change is best
attributed to either a small error in half-life correction for the 6 s Zn
data or simply a statistical fluctuation.

The tracer experiment indicated that the five elements studied
could be stabilized at trace concentrations in water for at least 1
year. The experiment yielded no information as to potential blank
problems, however, either from preparatory reagents or from the
storage containers. Thus a second study was initiated to provide
information on possible blank problems, as well as additional infor-
mation on stability. In this study a trial solution of a multiple ele-
ment standard was prepared under clean-room conditions and was
analyzed twice over a 17-week period. The analytical results were
obtained by three independent methods, neutron activation analysis,
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TABLE 1

TftACE ELEMENT LOSS STUDY USING RADIOISOTOPES

Time,
days

0
9

14
22
35
79
94

255

Predicted
concentration
at clay 255

Standard
deviation

Slope
Standard

deviation

Itotopic concentration relative to day zero
" A s

1.000
1.006
1.041

0.997
1.027
1.080
0.977

1.000

±0.037

-0.00008

±0.00018

7SSe

1.000
1.012
1.041
0.991
1.007
1.000
1.049
0.981

0.992

±0.022

-0.00009

±0.00011

2 0 3 H «

1.000
0.999
1.026
1.031
1.008
0.983
0.997
1.032

1.021

±0.017

0.00006

±0.00008

109Cd

1.000
0.997

0.965
0.976
0.938
0.973
0.984

0.971

±0.021
-0.00003

±0.00010

«sZn

1.000
1.012
1.032
1.033
1.036
1.012
1.031
1.057

1.055

±0.013

0.00015

±0.00006

isotope dilution spark-source mass spectrometry, and atomic absorp-
tion spectroscopy. The individual methods used were those de-
veloped for SRM certification over the past 10 years. Data obtained
by the analyses were compared with elemental concentration ob-
tained by calculating from dilution of the master spike solution. Data
were also compared among analytical techniques for consistency.
The results of the analytical study are given in TaMd 2. The analyti-
cal data presented are mean values obtained on a replicate set of two
to four analyses by a given technique. Error levels are roughly in-
dicated by the number of significant figures presented, but insuffi-
cient data were obtained to estimate analytical errors statistically.
Comparing data among techniques gives a valid indication of changes
in elemental concentrations.

The results of the analytical study were consistent with those of
the tracer study. No indication of trace-element loss was observed
during the 17-week period. Two interesting effects did occur, how-
ever. First, it is obvious from the data that for arsenic the calculated
concentration was grossly different from the measured concentra-
tions. There are two possible causes for this observed difference. It is
possible that a large, rapid decrease in arsenic concentration did
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TABLE 2

TRACE ELEMENT STABILITY STUDY
USING INDEPENDENT ANALYSES

Element and
analytical

technique*

Zinc
• N A A

AAS
SSMS

Copper
NAA
AAS
IDMS

Arsenic
NAA
AAS

Lead
AAS
IDMS

Manganese
NAA
AAS

Chromium
AAS
SSMS

Beryllium
AAS
Spectro

Cadmium
NAA
AAS
SSMS

Selenium
NAA
AAS
SSMS

Mercury
NAA
AAS

Calculated
concentration,

JJg/g

4.89

0.807

0.0937

0.0469

0.0418

0.0473

0.0397

0.0137

0.0101

0.00184

Initial
concentration,

uelt

4.96
4.96
5.16

0.814
0.851
0.845

0.0603
0.064

0.0512
0.0468

0.0412
0.0400

0.051
0.0471

0.0416
0.0406

0.0146
0.0150
0.0185

0.0105
0.0112
0.0098

0.0018
0.0018

17-week
concentration,

JUg/g

5.08
5.08

0.849
0.856
0.848

0.0630
0.060

0.0459
0.0465

0.0470
0.0455

0.053
0.0465

0.0416
0.0409

0.0149
0.0145

0.011
0.0118

0.0019
0.0017

•Abbreviations are NAA, neutron activation analysis; AAS,
atomic absorption spectroscopy; SSMS, isotope dilution
spark-source mass spectrometry; IDMS, isotope dilution
thermal-source mass spectrometry; and Spectro, spectrofluo-
rimetry.
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occur, either by precipitation of the arsenic or by wall adsorption,
but it is difficult to imagine that such a mechanism for an immediate,
large loss of arsenic would not continue to be observed for a longer
period of time. No continued change in concentration was observed
in the 17-week analysis. A more likely explanation is that the cal-
culated concentration was in error, that a mistake was made either in
weighing or in volumetric dilution.

A second, more subtle effect was observed for manganese, for
which a slight increase in concentration over the 17-week period was
observed by both neutron activation and atomic absorption. The
effect is small, however, and subsequent analyses have not indicated
a continued increase in manganese concentration. It is most probable
that a small amount of manganese was initially leached out of the
containers, even though they had been subjected to rigorous clean-
ing. The manganese concentration has not been observed to increase
significantly in subsequent analyses. Manganese will be carefully
checked for an extended period of time in the certified standard
reference material.

The third observation from the analytical study was that some
analytical procedures were in error. Even though the procedures used
were considered to be the best available, more analytical research was
needed to accurately analyze all elements at the concentrations se-
lected for the standard. This problem is particularly evident for the
cadmium data determined by isotope dilution spark-source mass
spectrometry and the copper data determined by neutron activation.
Research into the respective analytical methodologies was con-
ducted, and significant improvement was noted in the 17-week
analyses.

The two studies of trace-element stability indicate that a stan-
dard for a mixed trace element in water can be stabilized with 0.5M
HNO3 in conjunction with trace gold ion. The studies illustrate the
types of investigations that must be carried out before trace solution
standards can be assumed to give valid data. A final solution has now
been prepared, bottled, and analyzed for certification oi- SRM1643,
Trace Elements in Water.
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ABSTRACT

The extractability of trace elements from fresh electrostatic-precipitator ash was
investigated as a function of pH and acid type. Varying strengths of two mineral
acids, an organic acid, and a strong base were examined for their extractive
capabilities. The results indicate that Mo, F, Se, and B are the most soluble of
the trace elements studied under alkaline conditions expected in the south-
western United States. These elements are probably the most important in the
contamination of alkaline soils and waters. The results also indicate that acid
solutions most easily extract elements that are considered volatile during the
combustion process: As, B, Cd, F, Mo, and Se.

Ash disposal from large coal-consuming energy complexes (electric
power generation, gasification, and liquefaction plants), both operat-
ing and planned, may pose significant environmental problems in the
southwestern United States. The potential for contamination of soils,
surface water, and groundwater by the wind and water erosion of ash
is apparent. Degradation of water resources is a great concern in arid
regions since water quantity and quality is the major limiting
resource to agricultural and industrial development.

The chemical and physical forms of coal-ash constituents will
largely determine the extent of trace-element mobilization to the

•Present address: Advanced Technology Department, Bendix Field Engi-
neering Corporation, Grand Junction, Colo.
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environment. Total trace-element content in the ash does not
indicate trace-element solubility or availability. Trace elements
concentrated on surfaces of ash particles might be more soluble or
more available for plant or micrpbial uptake than those uniformly
distributed throughout the ash matrix. The mechanism of surface
enrichment of some trace elements is thought to be volatUization in
the combustion zone and subsequent condensation on ash particle
surfaces (Natusch, Wallace, and Evans, 1974). However, the results of
Linton et al. (1976) may show that other unidentified enrichment
mechanisms are important.

A number of studies of the extraction of major elements from
coal ash exist (Shannon and Fine, 1974; Quilici, 1972; Brimble-
combe and Spedding, 1975; Caven, 1974). Small (1976) reported
trace-element extraction values for eastern fly ash under acidic
conditions. Theis (1975) described the extraction of heavy metals in
both acidic and alkaline situations. Apparently the solubility of
nonmetallic trace elements in western coal ash has hot been
investigated, and this study will help fill this void.

This study provides information on the elements most likely to
be mobilized from fly ash generated at a large western coal-fired
power plant. Such information is required as part of a project
designed to assess the environmental fate of potential trace contami-
nants from coal-ash disposal in arid western environments.

MATERIALS AND METHODS

Fresh electrostatic-precipitator ash was collected from the
precipitator hopper and the ash burial site at a large coal-fired power
plant in northwestern New Mexico. The coal consumed at this plant
is subbituminous and has a heating value of 5000 kcal/kg, an ash
content of about 22%, and a sulfur content of about 0.7% (Swanson,
1972). The ash was dried for 3 days at room temperature in a
plexiglass chamber containing silica gel desiccant in an atmosphere of
dry, purified N2 gas. After drying, the ash was homogenized in 1-liter
plexiglass V-shell blenders and stored in polyethylene bottles.

The following extracting solutions were prepared with reagent-
grade chemicals and redistilled water: 0.1M citric acid (A), 1.0M HC1
(B), l.OAf HNO3 (C), 0.1M HNO3 (D), O.OlAf HNO3 (E), 0.001M
HNO3 (F), CO2-free H2O (G), and 0.1M NH40H (H). Solutions C
through H were chosen to give a range of extractant pH from 0.5 to
11.3. Solutions B and C were selected for comparison to see if two
equimolar mineral acids had similar extraction properties. Solution A
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was used to compare an organic acid with mineral acids in extraction
of trace elements from fly ash. Citric acid was chosen because it is a
naturally occurring chelator (Sutcliffe, 1962).

The extraction apparatus included four 250-xnl polyethylene
bottles for each extractant. The bottles were filled with 200 ml of
extractant, and 50 g of ash were added to three of the four bottles.
The fourth bottle was used as a blank. Of the three ash—solution
mixtures, two were used for trace-element analysis and the other for
pH measurement. The bottles were agitated in V-shell blenders for
3hr. The pH of the blank and of one ash—solution mixture was
measured before and after agitation. The contents of each bottle
were prefiltered through Whatman 41 filter paper (W&R Balston,
Ltd.), and then the filtrates were vacuum filtered through What-
man 542 filter paper. To 99 ml of each of the final filtrates, 1 ml of
concentrated HNO3 was added, and the solutions vere frozen for
subsequent elemental analysis.

Open-beaker digestion of the ash was used to determine totai As,
Be, Cd, Cr, Cu, Mo, Se, V, and Zn. Digestion of about 2 g of ash was
performed in a 250-ml Teflon beaker containing 10 ml of HNO3,
5 ml of H2SO4, and 30 ml of HF. This mixture was heated to the
fumes of I12SO4, and the sample was then diluted to 100 ml with a
10% HNO3 solution.

The trace elements arsenic, chromium, and selenium were
measured in the precipitator ash by instrumental neutron activation
analysis with the techniques described by Gladney (1974). A new
procedure using thermal-neutron-capture prompt •y-rays was used to
measure boron in the precipitator ash (Gladney, Jurney, and Curtis,
1976). Copper in precipitator ash was determined by neutron
activation and chemical separation of 64Cu (T% = 12.9 hr) on an
anion exchange resin, Srafion NMRR (Gladney, 1977).

Standard flame methods for atomic absorption spectropho-
tometry (Perkin-Elmer, 1973) were used to measure elements
occurring in sufficiently high concentrations. The remainder of the
elements were measured by flaineless atomic absorption with a
Perkin-Elmer Model 306 atomic absorption spectrophotometer
equipped with a deuterium-arc background corrector and a Perkin-
Elmer HGA 2000 graphite furnace. In most cases the elements were
determined by direct injection of the solutions into the graphite
furnace with no preconcentration chemistry. (For details on the
atomic absorption and other analytical procedures, see Appendix 1.)

Emission spectrographic analyses gave results for major, minor,
and some trace elements in the filtrates and in the ash. (Further
details are given in Appendix 1.) The reported analytical relative
standard deviation for the emission spectrographic results is ±50%.
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RESULTS AND DISCUSSION

Elemental contents of the precipitator ash are given in Table 1
for elements obtained routinely by emission spectrography and the
trace elements of special interest analyzed by atomic absorption,
neutron activation, and specific ion-electrode techniques.

Each extraction used a 50-g ash sample from the total homoge-
nized batch of ash. Two random samples were taken from the batch
to estimate trace-element homogeneity. Five determinations for
manganese and sodium were made in each sample by instrumental
neutron activation. The manganese concentration means and stan-
dard deviations for the two samples were 186 ± 5 and 193 ± 5 jug/g.
The sodium concentration means and standard deviations were
13,400 ± 300 and 13,300 ± 300 jig/g. The agreement between the
sample means indicates that the ash was homogeneous to within
±5%.

The results of emission spectrographic analyses of the filtrates are
given in Table 2. These results are summarized as extractability
classes in Table 3 for the 1.0M HNO3 and the H2 O extractions.
These results are not grouped with the trace-element analyses by
atomic absorption and neutron activation because of the semiquanti-
tative nature of the emission spectrographic results. The data in
Table 2 include initial and final pH measurements of the extractants
to show the influence of pH on solubility.

The electrostatic-precipitator ash was alkaline, as shown by a
final pH of 11.9 for the H2O extraction (Table 2). Shannon and Fine
(1974) attributed the alkalinity of western U. S. fly ashes to soluble
compounds of calcium, sodium, and possibly magnesium. In our
results, calcium was the only major element that was significantly
soluble in H2O (Tables 2 and 3); this indicates that soluble calcium
compounds may be the principal contributors to the alkalinity of
this ash. Calcium was also the only major element readily soluble in
the acidic extractants. The solubility of strontium in the different
extractants resembled that of calcium. The alkali and alkaline-earth
metals Li, Na, K, Mg, and Ba were somewhat soluble in both acidic
and alkaline solutions. Their slight solubility may indicate that they
are present as insoluble salts and that they make a negligible
contribution to the alkalinity of the ash.

The trace elements nickel, gallium, and lead were partially
soluble (~16, ~18, and ~b%, respectively) in the 1.0M acids but
were virtually insoluble in the HaO extraction. The minor element
manganese was readily soluble in the strong acids (~36%) and
insoluble in the alkaline extractions. In general, the trace elements
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TABLE 1

ELEMENTAL CONTENTS OF PRECIPITATOR ASH
DETERMINED BY VARIOUS ANALYTICAL TECHNIQUES*

Element

Al
As

B
Ba
Be
Ca
Cd
Cr

Cu

Fe
Ga
Ge
K
Li
Mg
Mn
Mo
Na
Ni
P
Se

Si
Sr
Ti
V
Zn
Zr

Concentration determined
by emission spectrographic

techniques

10.6%
ND

250
2700

5.5
4.3%

ND
30

70

3.5%
50

<10
1.2%

80
7200

250
8
2.2%

20
80
ND

28.2%
500

6000
150

<100
325

Concentrationt determined
by other techniques

ND
11.7 (±1.0)$

260 (±20)̂ 1
ND
4.7 (±0.5)$
ND
0.29 (±0.03)$
36 (±8)$
32 (±3)§
72 (±15)$
58 (±7)**
ND '
ND
ND
ND
ND
ND
ND
4.2 (±0.4)$
ND
ND
ND
8(±2)$
8.0 (±0.5)§
ND
ND
ND
98 (±20)$
158 (±25)$
ND

•Concentrations are in (Jglg of dry ash unless percent (%) is indicated.
Abbreviation ND indicates not determined.

tValues in parentheses are analytical uncertainty.
$ Atomic absorption spectroscopy.
^Instrumental neutron activation analysis,
f TTiemal-neutron prompt y-ray spectrpscppy.
**Neutron activation analysis, radiochemical separation.
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TABLE 2

AVERAGE PERCENTAGE OP THE TOTAL ASH CONTENT
EXTRACTED DETERMINED BY OPTICAL EMISSION

SPECTROQRAPHIC TECHNIQUES (n = 2)

Molarity:
Reagent:

Element

Al
B
Ba
Be
Ca
Cr
Cu
Fe
Ga
K
Li
Mg
Mn
Mo
Na
Ni
P
Fb
Si
Sr

•nV
Zn
Zr
Initial

pHt
Final

PHt

0.1M
Citric
acid

1.5
96

0.9
8.7

35
40

6.9
2.9

20
0.6
7.4
4.4

64
130

1.1
16
27*

3.0
1.3

32
4.0

40
3.0
9.8

2.2

3.6

1M
HC1

1.3
24

0.6
13
42
40
11

2.3
16

0.8
7.3
3.9

32
100

1.3
14
23

3.5
0.9

24
2.3

19
<5.1

1.2

0.5

0.6

lAf
HNOj

5.8
80

4.4
15
68
67
34

6.9
20

1.6
16
9.7

40
130

1.1
18
21

6.3
2.2

72
10
33
<4.4

7.4

0.5

0.5

0.1M
HNOj

O.OlAf
HNO3

0.001M
HNOj

% of total extracted

0.6
56

0.3
7.3

27
6.0
6.9
0.07

<4.0
0.4
4.9
3.9

36
<23

0.7
7.0

<3.3
<2.5

0.2
18
0.05
1.2
3.3

<0.6

1.4

4.1

0.01
4.0
0.4

<0.5
4.9
2.0
0.1

<0.01
1.0
0.2
1.9
0.02

<0.02
75

0.5
<1.5
<0.5
<0.4
<0.01

3.2
<0.01

0.7
<0.8
<0.1

2.2

11.7

0.01
1.4
0.3

<0.4
3.1
1.0
0.07

<0.01
0.4
0.2
1.9
0.01

<0.08
67

0.3
<1.0
<0.3
<0.3
<0.01

2.8
<0.01

0.3
<0.4
<0.1

3.1

11.9

H2O

0.01
1.6
0.4

<0.4
4.7
1.3
0.07

<0.01
0.4
0.1
3.1
0.02
0.02

50
0.3

<1.0
<0.3
<0.3
<0.01

3.6
<0.01

0.4
<0.4
<0.1

7.4

11.9

0.1M
NH4OH

0.01
<0.01

0.3
<0.7

2.3
1.0
0.1

<0.01
<0.8

0.2
2.3
0.02

<0.04
75

0.4
<2.0
<0.7
<0.5
<0.01

3.2
<0.01

0.3
<0.8
<0.1

11.3

11.9

'Phosphorus content (600 jUg/g) in fly ash (Swanion, 1972) wai used for calculating
the percent extracted.

fThe pH was determined before ash was added to the extractants.
t The pH was determined after agitation of ash-«xtractant mixture.

were much more soluble than the major elements (silicon, aluminum,
and iron) in acid and alkaline solutions.

The trace elements of special interest in tiiis study (As, B, Be, Cd,
Cr, Cu, F, Mo, Se, V, and Zn) were analyzed by the best available
quantitative procedures. Table 4 gives the percentage of each trace
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TABLE 3

EXTRACTABILITY CLASSES FOR ELEMENTS
DETERMINED 3Y EMISSION SPECTROGRAPHY

IN 1.0M HNO3 AND H 2O EXTRACTANTS*

Percentage-
extracted

class

>30

10-30

1-10

0.1-1
<0.1

Elements extracted
by 1.0M HNO3

B, Ca, Cr, Cu, Mrs,
Mo, Sr, V

Be, Ga, Li, Ni, P,
Ti

Al, Be, Fe, K, Mg,
Na, Pb, Si, (Zn),
Zr

Elements
extracted by H2O

Mo

t
B, Ca, Cr, Li, Sr

Ba, Ga, K, Na, V
AI,(Be),Cu,Fe,

Mg,Mn,(Ni),(P),
(Pb),Si,Ti,V,
(Zn),Zr

•Elements in parentheses have questionable assigned
classes because of analytical uncertainty.

fNo elements in this class.

element extracted from the ash by the solutions. Table 5 summarizes
the trace-element solubility for the 1.0M HNO3 and the H2O
extractions. The results of the extractions were significant since the
extractant blank concentrations indicated negligible contamination
from the experimental procedure or reagents.

The results showed molybdenum to be unique among these
elements because of its high solubility in the H2O and acid
extractions. Boron, fluorine, and selenium were highly soluble in the
acid solutions and slightly soluble in the H2 O extraction. Arsenic and
cadmium were highly soluble in the acid solutions but were nearly
insoluble in H2O. Beryllium, copper, vanadium, and zinc were
partially extractable by acids and insoluble in H2O. The solubility of
chromium in the acidic extractants was similar to that of the metallic
elements Be, Cu, V, and Zn; however, chromium remained very
slightly soluble in the H2O extraction. The slight solubility of many
of the metallic elements in the alkaline extractions was probably
caused by their precipitation as insoluble hydroxides (Theis, 1975).

One factor that may partially control the solubility of trace
elements is their metallic nature. Boron, fluorine, and selenium,
which were slightly soluble in H2O, are classified as nonmetals or
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TABLE 4

AVERAGE PERCENTAGE OF THE TOTAL ASH CONTENT
OF EACH TRACE ELEMENT EXTRACTED

BY THE VARIOUS SOLUTIONS* (n = 2)

Molarity:
Reagent:

Element

As
B
Be
Cd
Cr
Cu
F
Mo
Se
V
Zn
Initial

Final
pH§

0.1M
Citric
acid

59
94

6.1
33
13

4.6
86t

110
46
16

1.8

2.2

3.6

1M
HC1

78
24
12
32
14
7.9

63
120

35
28

3.1

0.5

0.6

lilf
HNO3

64
78

8.6
48
15
7.3

75
120

78
20

3.1

0.5

0.5

0.1M
HNO3

0.01M
HNO3

% of total extracted

0.65
55

1.7
35

1.2
3.3

83
4.7
5.1
0.04
1.2

1.4

4.1

0.31
3.9

<0.09
3.8
0.53
0.11

11
57
11

0.02
0.27

2.2

11.7

0.001M
HNO3

0.17
1.4

<0.09
0.28
0.38

<0.01
8.1

55
5.9

<0.01
<0.03

3.1

11.9

H2O

0.10
1.5

<0.09
<0.14

0.33
<0.01

7.2
59

5.1
<0.01
<0.03

7.4

11.9

O.lAf
NH4OH

0.51
<0.05
<0.09

0.14
0.29

<0.01
8.7

54
4.5

<0.01
0.07

11.3

11.9

•Determined by atomic absorption spectroscopy, instrumental neutron activation
analysis, specific ion electrode, or optical emission spectroscopy, as described in Appendix 1.

fFluorine content (120 Utlt) >» the ash is the mean of fluorine values reported by
Swanson (1972) and Steiner and Reynolds (1974).

$The pH was determined before ash was added to the extractants.
§ The pH was determined after agitation of ash—extractant mixture.

semimetals. The other semimetal, arsenic, was insoluble in the H2 O
extraction. The metals Be, Cd, Cu, V, and Zn were insoluble in H2O,
but chromium was very slightly soluble. The other metal, molybde-
num, does not exhibit solubility behavior similar to either metals or
nonmetals. Therefore the metallic nature of trace elements gives
some indication of their solubility in alkaline solutions.

Another possible explanation of solubility characteristics is the
anionic character of the trace elements. Elements probably present in
anionic form (borates, fluorides, selenates, and molybdates) were
slightly or partially soluble in the H2O extraction. Elements
expected to be present as cations (Be, Cd, Cu, and Zn) were insoluble
in the H2O extraction. The ionic character of the remaining elements
(As, Cr, and V) cannot be classified with certainty.
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TABLE 5

EXTRACT ABILITY CLASSES FOR TRACE
ELEMENTS IN 1.0M HNO3 AND H2O

EXTRACTANTS*

Percentage-
extracted

class

>30

10-30
1-10
0.1-1
<0.1

Elements extracted
by 1.0M HNO3

As, B, Cd, F, Mo,
Se

Cr, V
Be, Cu, Zn

Elements
extracted by H2O

Mo

t
B,F,Se
As,(Cd),Cr
Be, Cu, V, Zn

•Elements in parentheses have questionable assigned
classes because of analytical uncertainty.

fNo elements in this class.

Linton etal. (1976) described the surface predominance of
certain trace elements. Surface predominance may allow these trace
elements to be solubilized to a greater extent than are elements
distributed throughout the ash matrix. The volatility of an element
may be partially responsible for its occurrence on ash-particle
surfaces (Natusch, Wallace, and Evans, 1974). Wangen and Wienke
(1976) assigned enrichment classes to the elements in this ash which
can be used tc estimate the degree of volatility. The enrichment
classes include the following trace elements: Group III (most
enriched), F and Se; Group II (somewhat enriched), As, B, Mo, and
Zn; Group I—II (sparingly enriched), Cr and V; and Group I (not
enriched), Be and Cu. Enriched (volatile) elements are closely related
to the elements highly extractable by 1.0M HNO3 (Table 5).

The 1.0M HC1 and HNO3 extractions exhibited large differences
in the solubility of boron, cadmium, and selenium. For these three
elements, the l.OAf HNO3 solution was a much better extractant.
The greater oxidizing ability of HNO3 could possibly influence its
extractive power for these elements.

The extraction results for 0.1M citric acid can be compared to
those for l.OAf HC1, l.OAf HNO3, and 0.1M HNO3 extractions to
assess the influence of chelation on extractability. If the percentage
of an element extracted by citric acid was similar to that extracted
by the l.OAf inorganic acids, citric acid probably acted by chelating
mechanisms to solubilize the element. In contrast, if citric acid
extracted about the same percentage of an element as 0.1M HNO3,
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then extraction by citric acid was probably a function of acidity
rather than chelating properties. For the elements As, Be, Cr, Mo, Se,
and V, citric acid seemed to increase extraction, perhaps directly by
chelation of the trace elements or indirectly by chelation of elements
capable of precipitating the trace elements.

In conclusion, the results indicated that B, F, Mo, and Se were
the trace elements most easily solubilized from precipitator ash by
an extractant whose final pH was alkaline. The trace elements
arsenic and chromium were very slightly soluble in the alkaline
extractions and are of lesser importance in mobilization. The
elements B, F, Mo, and Se are considered to be the most significant
in the solubilization and mobilization of trace elements from coal fly
ash in alkaline environments. The occurrence of possible acidic
microenvironments indicates that As, B, Cd, F, Mo, and Se could be
significantly mobilized from this ash. In summary, these results
indicated which trace elements might cause concern regarding
contamination from coal-ash disposal, particularly in the alkaline
environments of the southwestern United States.
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APPENDIX 1

The furnace parameters for flameless atomic absorption spectros-
copy of solutions are given in Table A-l for eight trace elements.

Fluoride ion concentration in the filtrates was determined by
specific ion electrode in heavily buffered solutions (sodium citrate-
potassium nitrate) at a pH of 6 (Frant and Ross, 1968; Thomas and
Gluskoter, 1974). The working detection limit for this procedure is
100 ng/ml in solution.

Zinc concentration in the solutions was determined by standard
flame atomic absorption spectroscopy with air-acetylene flame
(Perkin-Elmer, 1973; Warren and Carter, 1975). The working
detection limit for this procedure is 10 ng/ml in solution.

Boron in the filtrates was determined by optical emission
spectrography. The boron content of the ash was determined by
optical emission spectrography and prompt 7-ray spectroscopy
(Gladney, Jurney, and Curtis, 1976).

Optical emission spectrographic techniques determined major
elements and some trace elements in filtrates and in precipitator ash.
The filtrates were evaporated to dryness under a heat lamp. Portions
of the dry residue were packed into cratered graphite electrodes and
excited for 75 sec in a d-c arc at 12 A under an Ar—O2 atmosphere.
The spectra were recorded on an Eastman SA-3 emulsion (Eastman
Chemical Products, Inc.) with a 3.4-m spectrograph and also on
high-speed Eastman infrared film with a 1.5-m Applied Research
Laboratories (ARL) spectrograph. Results were obtained by visual
comparison with standards consisting of impurity element oxides or
carbonates in a glycine matrix.

Major and minor elements in precipitator ash were determined by
exciting 10 mg of diluted rsh samples for 70 sec at 12 A under an
Ar—O2 atmosphere using a 1.5-m ARL spectrograph. The diluting
agent was a buffer consisting of 19 parts CuO and 20 parts graphite
powder. The ratio of diluting agent to sample was 39 : 1 . Results are
from visual comparison with standards obtained with the same
dilution procedures.

A different procedure was used for trace-element determinations
in the ash. One part sample was mixed with 4 parts of a diluting
agent (1 part Na2CO3 and 7 parts graphite powder). A cratered
graphite electrode was packed with 15 mg of the mixture and was
excited for 50 sec in a d-c arc at 12 A under an Ar—O2 atmosphere
using a 1.5-m ARL spectrograph. Standards were prepajited and
analyzed using the same procedures. *'



TABLE A-l

FURNACE PARAMETERS FOR FLAMELESS ATOMIC ABSORPTION SPECTROSCOPY

B

Element

Aa

Be
Cd

Cr

Cu

Mo
Se
V

Drying cycle

Time 1

45

46

45

40

45

45

60
46

Temp., "C

100

125

125

125

125

125

125
125

Charring cycle

Time '

30

26

30

25

30

26

25
26

Temp., °C

360

1660

600

1400

1000

1800

1500
1600

Atomization cycle

Time '

7

10

7

8

10

12

10
10

Temp., °C

2500

2700

1600

2700

2600

2700

2700
2700

Purge

Ar

N j

N,

Ar

Ar

N j

Ar
N j

Flow*

5

&

4

5

4

4

3
6

Modef

I

C

I

C

C

I

I

c

Working
detection limit
in aolution.j:

ng/ml

0.5

0.2

0.05

1.0

1.0

2.0

1.0
1.0

Reference

Oweni and Gladney,
1976

Ediger, 1973; Gladney
and Oweni, 1976

Ediger, 1973; Barnard
and Fiihman, 1973;
Fernandez and Manning,
1971;Langmyhretal..
1974

Ediger, 1973; Barnard
and Fiihman, 1973;
Fernandez and Manning,
1971; Warren and
Carter, 1975

Ediger, 1973; Barnard
and Fiihman, 1973;
Warren and Carter, 1975

Henning and Jackton,
|Q74
lelo

Ediger, 1976
Ediger, 1973; Warren

and Carter, 1975

*Purge | u flow in arbitrary Perkin-Elmer Unite.
fMode I, gM interrupt; Modt C, gai continuoui.
iDetcction limit u defined by Ediger (1976).

o
3)
m
m
CO

m

a
m

a

o
m



SAMPLING NATURAL WATERS: ARE FILTERED
SAMPLES TRUE SOLUTIONS?

J. W. T. MEADOWS, C. F. SMITH, D. G. COLES, L. MAYNARD,
and J. DELLIS
Lawrence Livermore Laboratory, Livermore, California

ABSTRACT

Under .normal conditions, many of the brace element! in water samples are
rapidly lost to container walls during storage unless special precautions are taken
to prevent adsorption. Anomalous behavior of traces of iron, uranium, rare
earth, and other elements has been observed in natural water samples. River,
lake, and spring water samples were collected, filtered through a 0.45-Jlm filter
at the collection site, and then stored. Some samples were acidified with HNO3,
and others were stored without further treatment (typical pH was S to 6). Trace
elements apparently remained in solution in both sets of samples. This behavior
was not expected because many of these elements are readily precipitated or
adsorbed at these high pH levels, Fieri a series of ion-exchange experiments and
replicate analyses, it was concluded mat these elements are not in solution even
though such filtered water is normally assumed to be a true solution. The
implications of this observation with respect to sampling, analytical techniques,
and interpretation of mineral transport modes are discussed.

The role of natural waters in geochemical processes is being
investigated at an increasing rate in recent years. Rock weathering,
sedimentation, and mineralization all involve water as the principal
transport mechanism. Accurate and precise measurements of trace
elements in stream, lake, and river waters are needed to aid in
understanding the hydrogeochemical process.

Much effort has been expended in developing methods for the
collecting, storing, and analyzing of water samples. Methodology
varies according to the information desired from a particular sample
or set of samples. Certain analyses are done in the field to measure
properties of an extremely transient nature, but field methods in

: : V '•- • ' ••••• • ..-• •> : : - 2 5 3 : . • " - • • " •
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general lack both the accuracy and precision needed to define typical
trace-element concentrations. Accordingly, when trace-element
concentrations are desired, samples are taken in such a manner as to
preserve the integrity of all wanted constituents. The U. S. Geologi-
cal Survey, for example, has developed standardized collection and
analysis methods for use in water-quality studies (Brown, Skougstad,
and Fishman, 1974). For cation determinations they recommend
field filtration, acidification, and storage in precleaned polyethylene
bottles.

Proper storage methods have concerned a number of investi-
gators. Trace elements, particularly metallic cations, are unstable in
natural waters and are readily lost by precipitation or adsorption on
container walls. There is sparse and conflicting evidence concerning
loss rates using different types of storage containers (Bidzinska and
Plochniewski, 1971; Gavrishin, 1968; fiochat, Alary, and Coeur,
1973; Fedder, 1972). Polyvinyl chloride or polyethylene containers
are generally believed to present fewer problems than glass bottles,
but no single container type appears suitable for every element or
situation.

Robertson (1968), in a study of the adsorption of trace elements
in seawater samples, demonstrated the serious nature of container-
wall losses during storage (Fig. 1). Several investigators (Brown,
Skougstad, and Fishman, 1974; Bidzinska and Plochniewski, 1971;
Gavrishin, 1968; Rochat, Alary, and Coeur, 1973; Fedder, 1972;
Robertson, 1968) indicate that acidification of a sample reduces or
stops adsorption losses.

We recently began a study of trace-element behavior in the
Walker River basin of western Nevada and eastern California.
Typically, the samples are field filtered through a 0.45-jum membrane
filter into a polyethylene storage bottle. Replicate samples are taken;
one sample is acidified to approximately pH 1.5 with pure HNO3,
and the other is stored as collected. Many samples must be stored for
long periods before analysis because of logistics problems. We made
comparative studies of trace-element concentrations in acidified and
unacidified (as-is) samples to establish the most favorable treatment
as a standard for future field operations.

EXPERIMENTAL

. We analyzed our samples by neutron activation and gamma
counting. Neutron activation analysis provides excellent sensitivity
for many elements of interest in our study without extensive sample
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100

Fig. 1 Loss of trace elements to polyethylene container walls
(Robertson, 1968). Spiked samples were monitored over a period of
several weeks for loss of selected elements.

preparation and processing costs. The technology is well developed at
our laboratory, and the required experimental apparatus is available.
In our standard procedure, 5-ml portions of the samples are
transferred to cleaned polyethylene vials and capped. A tiny vent
hole is punched in the cap with a small hypodermic needle. The
sample vials are then sealed in polyethylene bags as secondary
containers and are irradiated in groups of 16, along with suitable flux
monitors and standards, in the Livermore Pool Type Reactor (LPTR)
for 6 to 7 hr in a flux of ~5 x 1 0 ' 2 neutrons cm~2 s ec" ' . Samples
are set aside for 4 days before counting to allow the 15-hr 2 4 Na to
decay sufficiently for other radioactivities to be measured. The
irradiated samples are then transferred to clean counting vials, and
the irradiation vials are rinsed with 32V HNO3 to recover any material
adhering to the sides. -.'..'".'.

The samples are counted on high-resolution Ge(Li) detector
systems. Spectral data are collected and stored in 4096-chahnel
pulse-height analyzers. Each sample is counted again 1 to 3 weeks

' after irradiation to measure longer-lived induced activities. Gamma
counting data are processed by the GAMANAL code (Gunnink and
Niday, 1972) This code, which is in routine use in this laboratory,
locates photopeaks, identifies energies, assigns energies to radio-
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nuclides, and calculates disintegration rates and concentrations of the
induced radioactive species. -The output from the GAMANAL
program is further processed to obtain elemental concentrations.
Flux measurements for each sample set are combined with a nuclear
library containing experimental cross-section and decay information
to create a conversion table, which is used to convert induced
activity measurements to elemental concentrations in the original
sample. Standard samples are analyzed with each set to provide
estimates of precision and accuracy.

Uranium, which is an element of particular interest to our
program, received considerable attention. Determination by gamma
counting after neutron capture was adequate for uranium concentra-
tions above 1 ppb, but alternative means were explored to extend
sensitivities to lower concentrations. One such technique, fission
track counting, is of special interest in the context of this paper. In
fission track counting, Lexan film strips (General Electric Co., Plastic
Business Div., Lexan Products, Pittsfield, Mass.) are placed in water
samples being irradiated. Uranium in solution is induced to fission by
neutron capture, and the resulting fission fragments impinging on the
film cause local molecular damage (fission tracks) along their path.
The tracks are subsequently "developed" by etching in 6itf NaOH to
obtain microscopically visible records (Wald and Wiegand, 1973).
The track density was measured by automated optical scanning with
transmitted light. We should emphasize that the range of fission
fragments in water samples is of the order of 1 mg/cm2. Thus only
uranium atoms within ~10 jum of the film produce observable tracks.
At 1 ppb uranium and 6-hr irradiation time, the average track density
was 200/cm2. Typically, 0.01 cm2 was scanned at each step. The
nominal 20 tracks should be easily distinguishable and should be
randomly distributed aver the microscope field. Repeated scans
(~100) were made to build statistics and to obtain the uranium
concentration.

Despite the high sensitivity of the neutron activation, the 5-ml
samples were inadequate for many elements of interest (which were
present in the parts-per-billion to sub-parts-per-billion range). Collect-
ing trace elements on ion-exchange resins was investigated as a
potentially useful concentration method to improve detection
sensitivity.

Two separate techniques were used. In the first, 100-ml aliquots
were slurried with cleaned mixed-bed resin. The slurry was shaken
periodically, and after a few hours the resin phase was transferred to
vials for irradiation. The second method employed column sorption;
100 ml of sample was passed through a 6-mm-diameter 15-cm-long
column containing about 4 g of Dowex 1 x 8 100- to 200-mesh anion
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resin (Dow Chemical Co., Midland, Mich.). The effluent from this
column was collected and passed through a similar-sized column of
either Dowex 50 x 8 or BioRex 70 100- to 200-mesh cation resin
(Bio-Rad Laboratories, Richmond, Calif.). Fifty milliliters of pure
wash water followed the sample through the columns, and the anion
and cation resins were collected in separate irradiation vials and
processed normally. These experiments were performed on water
samples collected at a single location during a single sampling to
facilitate intercomparison. Irradiation occurred 28 days after col-
lection.

RESULTS

Table 1 lists the concentrations observed in filtered but otherwise
untreated water from the Walker River watershed and in the same
water that was acidified to pH 1.5 immediately after filtration. Both
samples had been stored 63 days before irradiation. Within the limits
of the estimated precision and accuracy, there appears to be no
significant difference in the concentrations observed. We obtained
similar data on the uranium concentration of waters analyzed
monthly for 4 months, and no losses were found either in the
acidified portion or the as-is sample. The results obtained from
summing the material collected by the anion and cation resin
fractions from the column experiments are shown in Table 2. The
major elements, sodium, potassium, and, to lesser extent, calcium,
would have been washed through the resin beds under the experi-
mental conditions. Of the trace elements, arsenic, cobalt, and
antimony either are not absorbed well or are washed on through the
resins. The remaining elements demonstrate good agreement with the
data of Table 1 for the same samples. The surprising feature of the
data is that elements that are very strong cations, such as Fe, Zr, Gd,
Ce, and U, are found to the extent of about 80% on the anion
fraction. Distribution coefficients of these species are expected to be
negligible on anion resin (Faris and Buchanan, 1964) and greater
than 10,000 on cation resin (Strelow, Rethemyer, and Bothma,
1965). Attempts to collect the trace elements on mixed-bed resin by
the batch process resulted in incomplete and variable adsorption
(Table 3).

Figures 2 and 3 are photographs of the fission tracks obtained
from Walker River waters, and Fig. 4 shows the tracks obtained from
a uranium solution standard. Tracks in the water samples appear in
scattered clusters rather than randomly, as in the standard. This
agglomeration is direct evidence of the nonsolution nature of
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TABLE 1

CONCENTRATIONS OF ELEMENTS DETECT-
ABLE BY NEUTRON ACTIVATION ANALYSIS

IN 5 ml OF WALKER RIVER WATER*

Element

Sodium
Calcium
Scandium
Chromium

Iron
Cobalt
Zinc
Arsenic

Bromine
Zirconium
Molybdenum
Ruthenium

Silver
Tin
Antimony
Barium

Cerium
Gadolinium
Tungsten
Gold
Uranium

Concentration,

Unacidified sample
(as is)

52.0 ± 4%
36.0 ±8%
ND
ND

ND
3.3 X 10~*
ND
2.7 X 10""2

4.5 X 10""*
1.0 X 10 '
7.9 X 10""2

1.4 X 10~~3

ND
ND
4.7 X 10""*
6.0 X 10""2

3.8 X lO"^3

ND
7.2 X 10 3

ND
1.3 X lO" 2

±27%

+ 10%

+ 4%
±22%
±16%
±32%

±22%
±26%

±13%

±32%

±4%

jug/ml of watertf

Acidified sample
(pH2)

54.0 ± 5%
38.0 ±4%
ND
3.8 X 10"^

ND
5.1 X 10""
ND
2.7 X 10""1

2.6 X 10""5

ND
5.9 X 10""2

2.4 X 10~~3

ND
ND
3.7 X 10""*
4.8 X 10""2

5.0 X 1 0 ~ 3

ND
ND
ND
1.4 X lOT1

'±25%

'±17%

!±12%
!±7%

± 20%
±22%

±3796
±38%

±11%

±4%

•Gamma spectra were collected at 4 and 18 day* after
irradiation.

flndicated uncertainties are one standard deviation of
the measurement as estimated by the GAMANAL code.
Error components include background, peak shape,
identification, and integration uncertainties.

{The abbreviation ND (no data) indicates that the
GAMANAL code was unable to identify and integrate
photopeaks of the element to within ±70% standard
deviation.

uranium in water. Samples that were field acidified to approximately
pH 2 appear similar to the nonacidified samples. The agglomerations
could be destroyed by acidification to approximately pH 1 followed
by overnight warming, but at this pH level the film is attacked by the
acid and no longer yields good back patterns.
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TABLE 2

RESULTS OF RESIN COLUMN ADSORPTION EXPERIMENTS*

Element

Na
Ca
Sc
Cr

Fe
Co
Zn
As

Br
Zr
Mo
Ru

Ag
Sn
Sb
Bi

Ce
Gd
W
Au
U

Total detectable dement in
combined columns,t ff/ml

of original (ample
Unacidified
Dowex 1

Dowex 50

7.2 X 10""2

3.4 X 101

2.2 X 10~ s

2.8 X 10 3

1.1 X 10~'
1.0 X 10T*
1.3 X 10"2

5.5 X 10"̂ *

2.3 X 10"2

1.0 X 10"-'
6.8 X KT2

1.6 X 10"3

1.5 X 10~3

4.5 X 10~'
4.2 X 10 5

4.6 X lOT1

1.9 X 1O""2

4.1 X 1O"2

4.8 X 10~3

4.1 X 10 *
1.3 X 10T2

Acidified
Dowex 1

Dowex 50

1.1 X 10~'
4.0 X 10'
3.2 X 10"5

4.0 X 10~3

2.0 X 10~*
2.4 X 10"2

1.9 X 10"2

2.4 X 10""4

2.4 X lOT*
1.1 X 10~'
7.2 X 10"2

ND

1.8 X 10"^
3.0 X 10~'
6.0 X 10~5

9.5 X 10"2

3.3 X 10~3

3.5 X KT2

4.5 X 10 3

ND
1.4 X 10"2

Acidified
Dowex 1

Bk>Rex70

5.9 X 1O"2

ND
4.8 X 10~*
4.1 X 10~3

1.9 X 10"2

5.5 X 10 *
8.9 X 10~3

<4.0 X 10~ s

2.4 X 1O"2

1.8 X 10~*
3.9 X 10"2

1.6 X 10~3

2.1 X 10~3

ND
ND
ND

3.5 X 10~3

ND
6.5 X 10~*
7.3 X 10"6

1.4 X 10"2

Percent of total element detected
in combined column! which
appeared in anion column

Unacidified
Dowex 1

Dowex 50

9
< 1

100
62

88
37
<1
82

87
84
87
67

68
>95
> 9 5

62

79
79
97

> 8 0
81

Acidified
Dowex 1

Dowex 50

11
2

93
51

100
17
10

100

87
72
81

60
>95
> 9 5

<1

72
75
99

69

Acidified
Dowex 1

BioRex70

16

91
18

<1
99
23

66
82
80
82

91

82

86
37
80

'Samples were passed consecutively through anion (Dowex 1 X 8 ) and cation
(Dowex 50 X 800 BioRex 70) resin columns.

fThe abbreviation ND (no data) indicates that the element was not detectable to
within ±70% standard deviation by the GAMANAL code.

CONCLUSIONS

The problem of obtaining definitive results at trace concentra-
tions is not trivial even in so-called simple systems, such as water. At
parts-per-billion levels, we are confronted and confused by sampling
inaccuracies, contamination by reagents and equipment, and stability
considerations. The results obtained in this set of experiments also
strongly suggest that many of the desired trace elements in water
samples are not in true solution.

Despite the sample's having passed through a 0.45-jum filter, the
trace constituents do not follow the behavior expected from
experiments with solution standards. Insoluble and easily adsorbabte
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TABLE 3

RESULTS OF BATCH PROCESS RESIN ADSORPTION
EXPERIMENTS*

Element

Sodium
Calcium
Scandium
Cobalt

Zinc
Bromine
Rubidium
Strontium

Zinc
Molybdenum
Cesium
Cerium

Tungsten
Mercury
Uranium

Spring watert

Sample 1

17
ND
ND
46

ND
76
ND
ND

88
66
39

136

65
ND
97

Sample 2

10
74

8
10

ND
143

30
67

ND
61
ND
ND

82
ND
79

Well waterf
Sample 1

10
ND
ND
ND

125
91
ND
ND

ND
52
ND
92

53
17
ND

Sample 2

4
73
ND
ND

64
43
ND
50

ND
29
ND
ND

33
ND
66

*100 ml of sample was slurried with clean mixed-bed resins.
Values arc the percent of total available elements removed from
the sample. Note both the inconsistency for some elements (Na,
Co, Br, Mo, W, and U) and the very poor recovery observed in
most cases.

tThe abbreviation ND (no data) indicates that the element
was not detectable to within ±70% standard deviation by the
GAMANAL. code.

species do not adhere to container walls. Little difference was noted
after acidification. Resin uptake was anomalous in that cations
appeared to be collected on the an ion column, possibly by filtration
rather than adsorption. Resin slurried with the sample was also quite
inefficient as a method of trace-element concentration. It was
demonstrated that uranium exists in agglomerations rather than
uniform solutions. These observations are consistent with the idea
that the elements are either associated with par ticu late matter of
sufficiently small diameter to pass through a 0.45-pm filter or are
adsorbed on extremely finely divided clays (or organisms) and are
not available for normal chemical reaction.

The implications of these observations are widespread. Concen-
tration techniques, if employed, must be quantitative for both
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Fig. 2 Microphotographs of Lexan film strips showing fission
particle tracks, (a) WR-4 FA, 205 power, 5 ppb uranium.
(b)WR-12FA, 205 power, 2 ppb uranium. Film was irradiated
within sample liquid and etched to develop tracks. Walker River
samples were filtered and acidified at time of sampling.

dissolved and suspended material. Conventional techniques, such as
liquid extraction and ion exchange, may prove inadequate. Measure-
ments relying on solution chemistry (e.g., polarography and anodic
stripping) may not detect the "particulate" portion of the sample.
Even some total analysis techniques (e.g., atomic absorption) can be
biased by the sampling problems presented. The particulate problem
we have observed here may not hold for every situation, but it does
suggest that concentration, subsampling, and solution-measurement
techniques should be thoroughly evaluated before any extensive
sampling and analysis program is begun. We now employ analysis of
total samples routinely. Our solution samples are of sufficient
volume to eliminate sampling uncertainties, and our preferred
concentration technique is sample dehydration and total residue
recovery for analysis.

If there is any general validity to our conclusions about the
presence of particulate matter, it follows that a major mode of
mineral transport may be physical carrying of very finely divided
material rather than chemical solution and dissolution. Chemical
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Fig. 3 Microphotographs of Lexan film strips showing fission
particle tracks. (a)WR-HFA, 80 power, 2 ppb uranium,
(b) WR-11 FA, 400 power, 2 ppb uranium; an enlargement of one of
the "stars" visible in photograph a. Film was irradiated within
sample liquid and etched to develop hacks. Walker River samples
were filtered and acidified at time of sampling.

processes may be taking place but at far lesser levels than the
measured total concentrations indicate.

In summary, we believe that the possibility of trace elements'
being present as insoluble participates has critical impact on the
choice of chemical analysis manipulations and procedures. Methods
based on assumed chemical solution may lead to erroneous and low
results. Additional work is needed to establish the extent and nature
of the problem. We recommend a cautious approach in the interim.
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Fig. 4 Micropbotographs of Lexan film strips showing fission
particle tracks, (a) Standard uranium solution, 20 /Kg/ml, 132 power,
(b) Standard uranium solution, 2 jug/ml, 132 power. Note the
absence of the "stars" evident in microphotographs of natural
sample irradiations (Figs. 2 and 3).
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ABSTRACT

A nondestructive, fast, and accurate means of obtaining elemental information
about a variety of biologically different samples located within a microhabitat is
X-ray microanalysis. Combining an X-ray spectrometer and a scanning electron
microscope makes it possible for the environmental chemist to visualize the
sample and to determine elemental concentration and spatial localization.
Elemental concentrations and their distribution can be measured if consideration
is given to specimen preparation and proper interpretation of the X-ray data.
Analytical procedures (specimen preparation and data interpretation) and the
potential of this technique as an environmental research tool are discussed.

Nutrient turnover by the decomposer segments of ecosystems has
been identified as a major control function of these systems.
Investigations of nutrient concentration by terrestrial microflora and
fauna have demonstrated that these organisms may represent a major
pool (Todd, Cromack, and Stormer, 1973; Cromack, Todd, and
Monk, 1975; Todd, Crossley, and Stormer, 1974; Todd and
Sihanonth, 1977). The examination of production and nutrient
turnover within the microhabitat occupied by these organisms has
been aided by scanning electron microscopy and by the recent
application of a microbeam "electron probe" X-ray microanalyzer.
This technique allows for the examination of a variety of biologically
different specimens located within a microscopic field, and this
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results in minimum distortion of the specimen. Not only can
estimates of biomass be made but the distribution of nutrients within
the organism itself can be assessed. Since the specimen is not
destroyed in the analytical procedure, assays of a given sample can be
repeated to obtain statistically valid estimates of nutrient content.
Applying electron microbeam techniques will help to ascertain the
role of decomposer microorganisms in nutrient cycling.

This instrument has been widely used for metallurgical research,
and there are many descriptions of the principle and mode of
operation of electron microbeam techniques. This paper does not
review these operations but rather deals with the potential of these
techniques as a tool for studying microflora and fauna. The
emphasis, therefore, is on features of the instrument and techniques
for using it, including sample preparation, which affect the results
obtained.

PRINCIPLES OF ELECTRON MICROBEAM ANALYSIS

An electron microprobe analyzer provides both qualitative and
quantitative analysis. An electron beam approximately 0.1 to 1.0 fan
in diameter is focused on the surface of the specimen. The emitted
X-ray spectrum is characteristic of the elemental content of the
specimen. Either energy or wavelength dispersion can be used to
measure the X-ray spectra of the elements. Wavelength dispersion is
measured by diffraction of the X-ray in a crystal spectrometer.
Energy dispersion is based on the measurement of X-ray photons
without the use of a diffraction crystal. A silicon solid-state detector
is used for energy-dispersion X-ray analysis. The energy-dispersion
system was found to be more advantageous than the wavelength-
dispersion unit (Russ, 1971). Known concentrations of elements can
be measured by X-ray intensity and compared with known elemental
concentrations of standards (Fig. 1). Birks (1971) discusses the
principles of electron probe analysis in detail.

The scanning electron microscope is- similar in basic design to the
electron probe. By combining the scanning electron microscope with
an energy-dispersion detector, we are able to analyze simultaneously
the fins structure and elemental composition of a specimen.

SAMPLE PREPARATION

Specimens to be used for electron microbeam analysis must
fulfill specific requirements inherent to the method. The sample
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Fig. 1 X-ray spectra from a 10-sec analysis of carbon-coated agar
blocks, (a) Agar background, (b) Agar to which 8000 ppm Mg, 912
ppm P, 1072 ppm S, 2560 ppm Cl, 1152 ppm K, and 1440 ppm Ca
were added before solidification. K peaks for magnesium (1.25 keV)
are denoted by a; for phosphorus (2.01 keV), b; for sulfur (2.31
keV), c; for chlorine (2.62 keV). d; for potassium (3.31 keV), e; and
for calcium (3.69 keV), f.
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must be dehydrated because these analyses vce conducted under
vacuum.

In preparing a specimen for analysis, we must prevent the
displacement or leaching of the elements to be quantified. Todd and
Sihanonth (1977) compared a freeze-drying technique with a
critical-point drying method for specimen preparation before elec-
tron microbeam analysis. The samples prepared by the critical-point
drying method showed lower elemental composition than those
prepared by the freeze-drying technique. A major disadvantage of the
critical-point drying technique .^pears to be that some elements
within the specimen are translocated or leached out during the
fixation and the ethanol dehydration process. The freeze-drying
technique prevents elemental loss because the specimens are rapidly
frozen and dried under vacuum.

Another major problem is that a thin conductive coating over the
specimens is required. This coating increases the thermal and
electrical conductivity of nonconducting specimens, and this, in turn,
reduces heat damage, suppresses charging, and increases electron
emission for simultaneous-scanning electron microscopy. Sihanonth
and Todd (1976a) found that carbon coating was universally
preferred for election microbeam analysis of biological material.
They demonstrated that gold and gold—palladium coating materials
cannot be used for magnesium, phosphorus, sulfur, or chlorine
assays. The M-shell absorbent energy of gold completely masked the
K-shell absorbent energy of phosphorus and sulfur and interfered
with the K-shell absorbent energy of magnesium. Energy absorbance
of palladium also interfered with the K-shell absorbent energy of
chlorine.

STANDARD

Since absolute rather than relative concentrations are desired, a
material of known concentration is usually assayed and used as a
standard. All calculations assume that the elements are uniformly
distributed in a homogenous volume. This may not be absolutely
true, but the assumption is acceptable because the elemental
concentrations in biological samples are rather low and do not
markedly change the matrix absorption. A uniform dimension of the
analyzed volume between the standard and unknown can be assumed
if both materials are of a closely related matrix (Fig. 1).

A variety of standard materials has been used to obtain absolute
elemental concentrations in biological material. Humble and Raschke
(1971) used crystals of potassium oxalate and potassium chloride to
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calibrate the amount of potassium oxalate and potassium in leaf
stomata. Robison (1973) used the calcium salt of adenosine
triphosphate (C,0H, 2O12NsP3Ca) and the sodium salt of tri-
iodothyronine as standards for quantitative analysis of phosphorus
and calcium in human thyroid follicles. Zeiglef and coworkers (1969)
used gelatin solutions in which various ions were dissolved. The
gelatin solution was allowed to set; sections were cut and then dried
for use as standards. Sihanonth and Todd (1976a) have used melted,
purified standard agar, to which a series of known chemical concen-
trations (CaCl2, MgSO4, and KH2PO4) was added. The solid agar
blocks were excised and prepared by the freeze-drying method
described previously. The analyses showed highly significant correla-
tion coefficients (0.91 to 0.99) between the X-ray analyzer counts
and known chemical concentrations.

DATA INTERPRETATION

X-Ray Am Maps

Although X-ray area maps are commonly used in materials
analysis, their application to biological methods may be limited.
Since the elemental concentrations are low in most biological
specimens, there is a poor peak-to-background ratio between
elemental and noncharacteristic X-rays. Variations in dot density of
less than 3 or 4 to 1 are not easily recognized. If the specimen is thin,
the low total count rate produced will further mask the images
produced because of fluctuations in dot density. This can be
overcome to a certain extent by increasing the counting time, but
specimen damage may result. An example of an X-ray area map is
shown in Fig. 2.

Point Analysis

Point analysis appears to be the method of choice for analyzing
biological specimens. In this procedure several small areas of the
specimens are counted for similar periods of time. This procedure
tends to average local density fluctuations. Accuracy can be
improved by increasing the analyzing tune or by making repeated
measurements.

DETECTION LIMITS

The amount of an element necessary to assure detection varies
with sample size. In a bulk sample the total volume analyzed may be
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Fig. 2 Micrographs of an oribatid mite (Hypochthonius sp.). A
100-jnm marker is indicated at lower right, (a) Image made by
secondary electrons, (b) Map of calcium distribution made from
X-ray image.

several cubic micrometers, and the minimum detectable concentra-
tion is generally in the range of several hundred parts per million.
Laeuchli (1972) made a detailed comparison of the sensitivity
performance of the other microanalytical methods (such as laser
probe analysis and absorption spectroscopy) with electron probe
analysis ranges between 10— 1 5 to 1 0 - 1 6 g. It has been reported that
an analytical electron microscope designed for biological analysis
could detect 10~ 1 7 g (AEI Scientific Apparatus, Inc., J.970). In a
thin section the X-ray analysis can detect as little as 10— 1 9 g of an
element (Panessa and Russ, 1975).

EXAMPLES OF TERRESTRIAL MICROFLORA AND FAUNA ASSAYS

Examples of electron microbeam techniques for determining
chemical concentrations of selected microflora and fauna from a
variety of terrestrial habitats are listed in Table 1. Several distinct
advantages of this technique are evident when it is compared with
existing macrochemical procedures. It is possible to examine a
variety of biologically different specimens located close to each other



TABLE 1

EXAMPLES OF ELECTRON MICROBEAM APPLICATION FOR ELEMENTAL
ANALYSIS OP MICROFLORA AND FAUNA

Specimen and type

Bacteria
Bacillus subtilis

Bacillut tubtilit

Pteudomonat aeruginow

Strtptococcui
talivariut

Fungi
Soil and titter fungi

Ectomycorrhizal fungi
(Pimlithut tinctoriut and
Cenococcum graniforme)

Er.domyeorrhizal fungi
(Glomut moueae and
Clomui ftuciculatut)

Rhizomorph

Slime mold

Microfauna
Insect wing scale

Oribatid mite
{Hypochthoniut tp.)

Various mites
Ftcudoscorpionida

Elements analyzed

Na, P, S, Cl, K,
Ca, Cu, Cr, As

Mg,Ca

Na, P, S, Cl, K,
Ca, Cu, Cr, As

Na, P, S, a , K,
Ca, Cu, Cr, As

Mg,K,Ca

Mg, P, S, D, Ca

P, S, Cl, K, Ca

Mg,K,Ca

Ca, P, Si, S, Cl

Mg,K,Ca

Mg, K, Ca

K, Ca
K,Ca

Machine used

SEM and energy dispersive
system

Electron microprobe
analyzer

SEM and energy dispersive
system

SEM and energy dispersive
system

Electron microprobe
analyzer

SEM and energy dispersive
system

SEM and energy dispersive
system

Electron microprobe
analyzer

SEM and energy dispersive
system

Electron microprobe
analyzer

Electron microprobe
analyzer

SEM and energy dispersive
system

Reference

Greaver, 1974

Todd, Cromack, and Stormer,
1973

Greaver, 1974

Greaver, 1974

Todd, Cromack, and Stormer,
1973

Sihanonth and Todd, 1976b

Schoknecht and Hattingh,
1976

Sihanonth and Todd, 1976c
Todd, Cromack, and Knutson,

1973
Schoknecht, 1975

Todd, Cromack, and Stormer,
1Q70

Todd, Croisley, and Stormer,
1974

Crossley, 1977
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with minimum distortion of sample. With the scanning electron
microscope, even a small specimen can be observed, and uncontami-
nated areas can be selected for examination. Not only can estimates
of microbial biomass be made from quantitative sampling techniques
but also the distribution of nutrients within the organism itself can
be ascertained. Since the specimen is not destroyed in the analytical
procedure, assays of a given sample can be repeated to obtain
statistical estimates of the nutrient content.

The first reported use of electron microbeam analysis in
microbial ecology was by Todd, Cromack, and Knutson (1973), who
looked at selected microorganisms within their terrestrial micro-
habitat. Using the electron microbeam technique, Todd, Cromack,
and Stormer (1973) and Todd, Crossley, and Stormer (1974) have
shown that fungal rhizomorphs and oribatid mites concentrate large
amounts of calcium. Schoknecht (1975), using a scanning electron
microscope equipped with an energy-dispersion detector, demon-
strated calcium deposits in the peridium of Myxomycetes. The
calcium deposits differed by family, with some families depositing
only calcium and others depositing a mixture of calcium and other
elements, such as phosphorus, sulfur, and chlorine. Electron micro-
beam analysis makes it possible to study ectomycorrhizae and
endomycorrhizae and their relationships with their host plants
(Sihanonth and Todd, 1976b; 1976c; Schoknecht and Hattingh,
1976). The X-ray microanalysis technique has been used to study
chemical concentrations of bacterial cells (Todd, Cromack, and
Stormer, 1973; Greaver, 1974). This technique is not limited to
investigations of terrestrial decomposer organisms but can be applied
to any specimen in which quantification of elemental distribution
within a few microns resolution is desired. With continued refine-
ment of the technique, the electron microbeam may prove invaluable
in the study of nutrient cycling in natural and perturbed micro-
environments.
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ABSTRACT

Analytical procedures for the most abundant transuranium nuclides in the
environment (i.e., plutonium and, to a lesser extent, americium) are available.
There is a lack of procedures for doing sequential analysis for Np, Pu, Am, and
Cm in environmental samples, primarily because of current emphasis on Pu and
Am. Reprocessing requirements and waste disposal connected with the fuel cycle
indicate that neptunium and curium must be considered in environmental
radioactive assessments. Therefore it was necessary to develop procedures that
determine all four of these radionuclides in the environment. The state of the art
of transuranium analysis methodology as applied to environmental samples is
discussed relative to different sample sources, such as soil, vegetation, air, water,
and animals. Isotope-dilution analysis with z 4 3 A m ( 2 3 9 Np) and 2 3 *Pu or
2 4 2 P u radionuclide tracers is used. Aniericium and curium are analyzed as a
group, with 2 4 3 A m as the tracer. Sequential extraction procedures employing
&js(2-ethyl-hexyl)orthophosphoric acid (HDEHP) were found to result in lower
yields and higher Am—Cm fractionation than ion-exchange methods. A
sequential scheme suitable for all of these matrixes is based on the use of an anion
resin, Dowex 1-X4 (Dow Chemical Co., Midland, Mich.), followed by successive
elutions for Am—Cm and then Pu and No. The Am—Cm group is purified by an
extraction procedure using Di-n-butyl N,N-diethylcarbamyl phosphorate (DDCP).
Americium and curium are absorbed onto a Dowex 50 cation exchange column
and purified and recovered by elution with ethanol—hydrochloric acid mixture*.
Tracer yields of 40 to 70% are expected, and typical detection limits are
0.03 ± 0.03 pCi per sample of soil (10 g), dry meat (25 g), or bone ash (50 g).
Precautions must be taken if the sample contains the isotope being used as
tracer.

Nuclear weapons testing and the nuclear power cycle have con-
tributed, in most cases, extremely small but measurable quantities of
plutonium and other transuranic nuclides to the environment and,
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consequently, to man. The nuclear power program and the breeder
reactor fuel cycle are expected to produce significant amounts of
neptunium and curium, which are predicted to follow the same
environmental pathways as plutonium and americium. To assess and
study the ultimate impact on man, we must assay these radionu-
clides. Many analytical techniques have been developed for deter-
mining plutonium and americium in most environmental matrixes.
Most procedures involving Np, Pu, Am, and Cm were developed as a
result of laboratory and ecological studies where large quantities are
employed. Most neptunium and curium procedures are specialized,
however, and are not useful for routine work and not applicable to
the broad sample categories of environmental matrixes.

The literature provides much information on the distribution in
the environment of 2 3 8 Pu and 23».2 4 0Pu m l o c a l ^ 3 worldwide
fallout from weapons tests. Amounts of these isotopes have been
extensively documented and characterized as to their physical and
chemical states. Wrenn (1974) estimated that ~440 kCi
238,239.240Pu ^ ^ 1 1 0 k C i o f other transuranics, mostly 2 4 * Am,
were injected into the atmosphere in weapons testing. Curium-245
and -246 was estimated at 90 Ci. Plutonium and americium were
reported in seawater by Noshkin et al. (1974) and Bowen (1975).
Harley (1975) discussed the distribution of plutonium and ameri-
cium on land and Thomas and Perkins (1975) in the atmosphere.
Bennett (1976) reviewed studies on the transfer to man of
transuranium elements and gave quantitative data on plutonium.
Because of the small amounts of neptunium and curium produced
relative to plutonium and americium, little fallout data exist for
these isotopes.

Many estimates of transuranium production are available from
the nuclear power cycle. An Environmental Protection Agency
(EPA) publication (1974) tabulated the amounts of those nuclides in
terms of curies per megaton of spent reactor fuel. The EPA figures
have been calculated to activity ratios relative to the tracer nuclide
proposed for use in the analytical procedure. Pigford and Ang (1975)
also listed 2 3 6Pu, 2 4 2Am, 2 4 3Cm, and 2 4 SCm as being produced.

The total airborne emissions from liquid-metal fast-breeder
reactors were estimated by Barr (1975) at 1 mCi/year per 1000 MW.
With an estimated 400,000 MW(e) capacity by the year 2000, this
will be 0.4 Ci/year.

Although information on transuranium cycling is not available
from fallout studies, ecological studies of the environs of nuclear
facilities, such as those by Emery and Garland (1974) and Emery,
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Klopfer, and Weimer (1974) on the U-pond at the Hanford Site, and
laboratory uptake and exposure studies may provide such data.

The chemistry of the transuranium elements at tracer levels is
generally well-known. Seaborg, Katz, and Manning (1949) produced
the earliest collection of transuranium chemistry and methods. The
Nuclear Science Series of Monographs on neptunium (Burney and
Harbour, 1974), on plutonium (Coleman, 1965), on americium and
curium (Penneman and Keenan, 1960), and on curium (Higgins,
1960) detailed their chemistry and procedures. Korkisch (1969)
summarized and tabulated information and bibliographies of the
actinides. A wealth of procedures and methods have been developed
and utilized in the nuclear fuel production and weapons programs.
Low-Beer (1973) reviewed the chemistry of the transplutonium
elements as they applied to bioassay and included some applicable
procedures.

Wessman et al. (1975) discussed analytical considerations and
typical analytical schemes for the transuranium elements using
sequential techniques. Sill, Puphal, and Hindman (1974) reported a
comprehensive method for separation of radium through californium
in soil. Murray (1975) described procedures for plutonium and
americium in seawater and sediments which are said to be capable of
detecting curium also. The americium procedures included separa-
tion from plutonium by extracting into fois(2-elhyl-
hexyl)orthophosphoric acid (HDEHP) from 8JV HNO3, further
separation from the lanthanides by absorption from a IN HC1
solution onto a Dowex 50 cation exchange column (Dow Chemical
Co., Midland, Mich.) and eluting with 12N HC1, followed by a second
HDEHP extraction from IN HNO3.

The basic sequential analysis procedure for the transuranics in
environmental samples at our laboratory was designed for the most
abundant nuclides of Np, Pu, Am, and Cm. The sequential analysis
approach was selected because it permits maximum sensitivity on
irreplaceable samples and generally reduces cost per nuclide. The
plutonium analysis methodology described by Wessman et al. (1971)
and supplemented by Major et al. (1974) and Major, Lee, and
Wessman (1975) formed the basis for determining the other
transuraniums at our laboratory. The first steps of the procedure,
which were adequate to dissolve and equilibrate plutonium, were also
adequate for any other transuranium elements present.

Very extensive sequential separation schemes for up to 20
elements have been used successfully at this laboratory for many
years, but they have been applicable to only a limited number of
matrixes. On filters, neptunium and plutonium were separated from
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americium and curium by extraction, using an isooctylamine system.
Neptunium and plutonium were separated by anion exchange
separation. Americium and curium were purified as a group, using
the HC1—ethanol cation exchange procedures, which were reported
by Hunt, Szidon, and Wessman (1968) for analyzing 2 4 l A m ,
2 4 2Cm, and 1 4 7Pm in fallout. That method had its limitations,
however. The tolerance for rare earths in the Am—Cm purification
was small, but there can be appreciable amounts of rare earths in
environmental samples.

The objectives in developing these sequential analytical proce-
dures were high specificity, accuracy, reproducibility, and sensitivity.
Additional constraints were procedural steps and techniques that
minimized labor and materials and the use of laboratory space and
equipment. Preferably, each elemental procedure should be designed
to use short steps; have minimum ashing time, concentration,
evaporation steps, and chromatographic purification steps; and be
applicable to a variety of matrixes. When feasible, the initial steps
should provide reduction of sample volume to permit chemical
operations in small containers such as 50- to 400-ml beakers or 40-ml
centrifuge tubes. Material used should be simple, economical
glassware or plastic ware that can be disposed of or easily cleaned for
reuse. Use of expensive apparatus (such as silica, porcelain, or
ceramic ashing containers; platinum dishes; chromatographic
columns; etc.) should be avoided.

The sequential separation procedure selected used these anion
exchange and extraction methods for separating neptunium and
plutonium from americium and curium. The americium and curium
were purified as a group, using & modified HC1—ethanol cation
system. The chemistry steps were tested and modified until Am—Cm
fractionation was negligible in the analysis procedure. The average
elapsed time after matrix reduction for this procedure was 2 working
days for a group of samples.

MATERIALS AND METHODS

The procedure developed for sequential analysis for 2 3 7 Np,
238pu 239>240pu> 241 A m > ^ 2 4 4 ^ ^^ jsotope-dilution
analysis and alpha spectroscopy. Yield tracers used were 2 3 9 Np,
23*Pu (or 2 4 2Pu), and 2 4 3Am. The tracer was in equilibrium with
its 2 3 9Np daughter and served three purposes; it supplied a known
amount of 2 3 9 Np, traced 2 4 ' Am, and acted as a nonelemental tracer
for curium. In some cases it was .desirable to use large amounts of
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2 39Np, obtained either by separation from 2 4 3 Am or as a neutron
irradiation product of 2 3 8 U.

The various sample matrixes were ashed and/or dissolved by
HF—HNO3 and HC1 to completely oxidize any organic constituents
of the sample. Residues from clear-water samples evaporated with
HNO3 should be treated with HF—HNO3 to avoid problems with
tracer equilibration and ion-exchange procedures. The final step in
the dissolution was to heat the HF-containing residue with H3 BO3 to
complex and volatilize the fluoride. The sample solution was filtered
to check for completeness of dissolution and suitability for subse-
quent analysis of the transuranium nuclides.

The first sequential separation scheme employed an HDEHP
extraction method. The HC1 sample solution was adjusted to pH 4.5,
and the transuranium elements were extracted three times with 20%
HDEHP in toluene (Campbell, 1964). If a precipitate occurred during
pH adjustment, HC1 was added until it redissolved. Below pH 2 the
extraction efficiency for americium becomes progressively worse.
Other elements, such as iron, calcium, and the lanthanides, were also
extracted at this time. Iron-rich samples should be extracted first
with hexone from 6N HC1 before HDEHP extraction because the
iron will split in the HDEHP extraction. Americium, curium,
contaminating rare earths, and calcium are back-extracted into 5AT
HNO3 solution, leaving plutonium and neptunium in the organic
phase. The organic phase was washed with 1M oxalic acid to strip
neptunium and plutonium. The iron split and was found to be a
contaminant in both transuranium fractions.

In soil and bone samples, the HDEHP procedures sometimes give
low yields and some appreciable fractionation of Am—Cm. The anion
procedure shown in Fig. 1 proved to be the preferred procedure.
Americium and curium were not absorbed; they passed through the
anion column and were isolated on a calcium oxalate precipitate.
The Am—Cm group was then purified by the same procedures used
for the biological samples. Both neptunium and plutonium were
eluted from the anion column with 4N HNO3—O.UV HF and further
purified by the same procedure used for the biological samples.

Final separation of plutonium and neptunium was by a Dowex
1-X4 anion exchange column in which they were absorbed from an
8N HNO3 (H2O2, NaNO2) solution. The column was washed with
8N HNO3 and HC1. The plutonium was eluted with HC1—NH4I. This
column separation procedure was essentially the same as that used
routinely at this laboratory to purify plutonium. After the pluto-
nium was eluted, the column was washed with HC1, and the
neptunium was then eluted with 2N HC1.
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Np. Pu. Am. Cm + TRACERS
DISSOLVED SAMPLE

RECORD Am-Np
SEPARATION TIME

— La. HNO3. H2O2 . A: MAKE BN HNO3. NaNO2

ANION Dowex 1-X4 (100 TO 200 MESH. 2.5 BY 6 cm)

I8WHNO3

Am, Cm. L>

hIOOmgCa:H2C204(pH3.5)

Ci OXALATE, Li, Am. Cm

-Fe

I«V HNO3-O.KV HF

] Wp.Pu I

I—EVAPORATE; 1*3603. HNO3

Np, Pu
TO SEPARATION

AND PURIFICATION

WETASH.HNO3

NH4OH (pH 8); DISSOLVE IN HNO3

Fe, La, Am, Cm
TO GROUP PURIFICATION

Fig. 1 Sequential separation of neptunium and plutonium from
unericium and curium for sofl and bone sample*.

An alternate separation scheme gave more reproducible neptu-
nium yields and good separation of uranium from the neptunium
fraction. This procedure provided for an overnight contact with
H2 O2 and then a short contact with NO2 to bring neptunium and
plutonium to the desired oxidation states (Np4+ and Pu4*). An anion
column similar to that shown in Fig. 1 was used. The Am—Cm was
eluted with 9N HC1; the column was washed; and the plutonium and
neptunium were eluted as described.

The Am—Cm was isolated from bulk elements and purified from
the rare earths by an extraction followed by a cation exchange step.
Americium and curium, in 12AT HNO3, were both extracted with
equal efficiency by Di-n-butyl N,N-diethylcarbamyl phosphonate
(DDCP), leaving calcium in the acid solution (Butler and Hall,
1970). The organic phase was diluted with toluene, and the Am—Cm
was stripped with 2AT HNO3. An alternate isolation method often
used here incorporates a series of acid oxalate precipitations; this
method can be accomplished in about the same time ss the
extraction. The Am—Cm group was absorbed on a small cation
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exchange column of Dowex 50 (1 cm in diameter and 7.6 cm long)
from a 0.2JV HC1 solution. The column was washed with 110 ml of a
solution of 45% ethanol—6AT HC1, which removed macroconstituents,
yttrium, and the heavier rare earths. Americium and curium were
then collected in the last 10 ml of 45% ethanol—4AT HC1 wash
solution, and the elution was completed with 55 ml of 20%
ethanol—3N HC1. Strict adherence to the procedure instructions was
important to obtain good yields and to prevent fractionation of
americium from curium. The column parameters and elution
sequence are shown in Fig. 2. Collection of the designated fraction
from the column will give a solution free of yttrium, lanthanum, and
other macroconstituents.

The purified fractions of the transuranics are electrodeposited
using the method of Mitchell (1960). Plutonium and neptunium were
plated on stainless steel, and Am—Cm were plated concurrently onto
a common platinum disk.

The neptunium plate was covered with a thin aluminum absorber
and counted in a low-background beta counter. Decay points were
taken to check purity. If appreciable 2 3 7 Np was present in the
sample, the growth of the beta-emitting 2 3 3 Pa daughter complicated

WASH 90 100 110
ELUENT0 5 10 20

VOLUME OF ELUENT, ml
30 40 50

Fij. 2 Elution of 2 4 1Am and 244Cm from a 1.0-cm-diameter
7.6-cm-length column of Dowex 50 as z function of eluent volume.
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the decay. The 2 3 3 Pa beta counts were subtracted on the basis of
previous calibrations of growth from 2 3 7 Np standards. The 2 3 9 Np
yield was calculated using the standardized efficiency of the counter
for2 3 9Np.

The transuranic samples were each counted on an alpha
spectrometer, either a Frisch grid ionization chamber or a solid-state
surface barrier diode. For Am—Cm, the presence of 2 4 s Cm or
2 4 6 Cm would have interfered with the resolution of the 2 4 3 Am and
2 4 ' Am alpha peaks and made it impossible to resolve the 2 4 3 Cm and
244Cm. Although 2 4 3Cm can be measured separately by gamma
spectroscopy, the sensitivity is not adequate for the low-level work
required for environmental samples.

RESULTS

A microcolumn cation exchange column (2 mm in diameter) and
a saturated HC1—ethanol system for the purification of the Am—Cm
group has been used successfully at our laboratory (Hunt, Szidon,
and Wessman, 1968). Since the microcolumn had insufficient
capacity for more than 0.4 mg of rare earth, a scale-up of the
2-mm-diameter column was tested. The scale-up versions oi the
procedure used 5-, 8-, and 10-mm-diameter columns 16 to 20 mm
high. The larger columns were extremely slow, and HC1 gas pockets
formed in the resin bed, which was operated at ambient room
temperature. Also, elution-curve studies showed that americium
tailed badly into the lanthanum carrier fraction.

We devised an unsaturated HC1 cation resin system using the
information of Strehlow (1973) and extrapolating it to our Am—Cm
system, with the goal of obtaining an unfractionated separation of
americium and curium from lanthanum and yttrium within 1
working day. Elution curves and the extent of Am—Cm fractionation
were obtained for a 1-cm-diameter column with resin heights of 5
and 7.6 cm and varying elution mixtures of HC1—ethanol. Because
the 5-cm column was quite sensitive to variations in wash procedure
and eluent volume, the 7.6-cm column was selected for further work.

Experiments showed nearly identical elution patterns for ameri-
cium and curium from the 7.6-cm column; 91.6 ± 1.4% of the
2 4 1 Am and 95.0 ± 2.2% of the 2 4 4Cm were recovered. The elution
peaks were nearly coincident, but ameiieium tailed behind curium;
thus americium was being lost relative to curium. Judicious selection
of eluent volumes resulted in essentially complete recovery for four
trials of americium and curium, with a difference or fractionation of
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~3 ± 1% for four replicate trials (americium was low), which was
satisfactory for this work.

Tracer recoveries in several trials of the separation procedures are
given in Table 1. For Am to Cm, the HDEHP procedure gave low
yields for bone but better yields for meat; this may be caused by the
higher inorganic content. A similar experiment for soil showed the
same yield problems. We felt the plutonium yields shown were not
representative of the procedure; better yields have been obtained on
runs of plutonium through the procedure. The HDEHP procedure
also caused undesirable fractionation of americium and curium for
bone and soil. The anion-column procedure improved the yields, and
there was no fractionation.

Table 2 shows the fractionation of Am—Cm obtained in testing
the procedures for Am—Cm. In this case, the 2 4 4 Cm bias is listed; it
is the percent difference between2 4 4 Cm found and that added when
2 4 3 Am is used as a yield tracer. A zero bias would be obtained if there
were no fractionation of 2 4 3 Am and 2 4 4Cm in the procedure. As
previously noted, fractionation through the anion procedure is close
to that listed for the Am—Cm cation purification procedure only.
Fractionation for either recommended procedure is expected to
average 2 to 3%. The values for bone and soil were unacceptable by
the HDEHP procedure.

The systematics (i.e., complete chemistry, nuclear measure-
ments, and calculations) for use of a small amount of short half-lived
2 3 9 Np tracer (T^ = 2.3C days) derived from an equilibrium mixture
of 2 4 3 A m - 2 3 9 N p were tested on a low-level 2 3 7 Np standard
solution of 17 dis/min. Multiple regression analyses of the beta decay
of 2 3 9 Np counting measurements were performed. The count rates
varied from 40 counts/min down to ~0.1 counts/min of long-lived
tail. The results for five samples tested with the alternate H2O2
oxidizing procedures gave yields of 88 ±12% for 2 3 9 Np and
85 + 15% for 2 3 7 Np. The yield for 2 3 9 Np should be the same as that
for 2 3 7 Np in a doubly spiked sample. On the average, the 2 3 9 Np
yield ratio was 4 ± 3% higher than that of 2 3 7 Np. This was within
the limits of error of the isotope calibrations.

Experimental d« contamination factors for plutonium, uranium,
and americium from neptunium were obtained for the alternate
procedure. Since either 2 3 3 U o r 2 3 4 U h a s essentially the same alpha
energy as 2 3 7Np, it is most important that the chemistry procedure
provide a uranium-free neptunium sample. The decontamination
factor for uranium was >10 3 , which is generally acceptable. The
decontamination factor of neptunium from plutonium was ~200 to
300, but this plutonium residual should not cause any problem. The
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TABLE 1

TRACER RECOVERIES THROUGH THE SEQUENTIAL
PROCEDURE FOR SEVERAL ENVIRONMENTAL MATRIXES

Sample

Dry -neat (25 g)

Bone ash (50 g)

Separation
method

HDEHP

HDEHP
(n = 2)

Anion column

2 3 7Np

55 ±11

45 ±21

74 ±4

Tracer recovery,* %
2 3 6Pu

32 ±2

54 ±22

71+6

2 4 3 Am (Cm)

53 ±4

23±4f

3? ±11

•Mean recovery ± standard deviation (1 a).
fAm—Cm fractionate in this case.

TABLE 2

FRACTIONATION OF AM. RICIUM-CURIUM IN SEQUENTIAL
ANALYSIS FOR VARIOUS ENVIRONMENTAL MATRIXES

Sample

Clear spike

Bonet (20 g)

Soilf (10 g)

Soilt (10 g)

Separation
method

HDEHP

HDEHP

HDEHP
(n«5)

Anion
(n-4)

243Am
yield, %

63±2±

39±6§

36 ±185

73±4§

244Cm bias,*

+4±2±

+6±1§

+14±8§

+2±3§

Comment

Not acceptable

Not acceptable

*Bi«s IE percent difference between z44Cm found and that added when
2 4 3 Am is used as yield tracer. Mean bias ± standard deviation (1 a).

fDry weight.
± Standard deviation due to counting is listed.
§ Mean recover ± standard deviation (1 a).
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decontamination of neptunium from americium was conservatively
listed as MOO, but it was believed to be higher because the limit was
set by the amount of tracer used in the test.

DISCUSSION

We have done some checking of the internal consistency of the
analysis system for the different transuranic nuclides and related it to
the absolute calibration base of the National Bureau of Standards
(NBS) and the United Kingdom Atomic Energy Authority (UKAEA)
through purchased standards. Of particular value is the genetic
relationship of 2 3 9 Np, 2 3 9 Pu, and 2 4 3 Am. With no other interfering
activities, a pure source of2 3 9 Np decays almost completely (99.9%)
to 2 3 9 P u in 23.6 days (10 half-lives). A solution of 2 4 3 Am tracer is
in equilibrium with its daughter, 2 3 9 Np. Appropriate analyses and
measurements can relate the analysis base of 2 3 9 Np, Z 3 8Pu, 2 3 9 Pu,
2 4 1 Am, 2 4 3 Am, 2 4 2Cm, and 2 4 4 Cm to those of NBS and UKAEA.
It can also relate, indirectly, our standardized transuranium tracer
solutions and our counting instruments (i.e., beta counter, 2-JT alpha
counters, gamma spectrometers, and the alpha spectrometers) to
NBS and UKAEA reference standards. In Table 3, results of such
consistency tests were compared with the calculated value. All the
ratios (found-to-calculated values) are identical to unity at the 95%
confidence level, except those in which 2 4 4 Cm was involved.

The results of the Am—Cm analyses showed a bias of 3 to 6%
with the micro cation exchange column purification procedure
described by Hunt, Szidon, and Wessman (1968). There are two
possible reasons for the bias; either the 2 4 4 Cm tracer was standard-
ized with a negative bias, or possibly americium was lost in the
analysis relative to curium. The procedures developed :'n this work
have been shown to have a bias of 2 to 3% between americium and
curium.

The HDEHP procedure showed greater fractionation than the ion
exchange procedure (Table 1). Reasons for Am—Cm fractionation
are many. Crawley (1975) reported that an appreciable loss of
americium, relative to curium, can occur if the mixture was
evaporated to dryness, and this may be the principal reason for the
loss. Since americium has two oxidation states and curium has one,
partial oxidation could be another cause. Slight differences in
americium and curium extraction coefficients with HDEHP may also
cause fractionation. The proper choice of ion exchange column
conditions are essential in preventing fractionation.



TABLE 3

CONSISTENCY CHECK FOR CALIBRATION OF VARIOUS TRANSURANIC ELEMENTS

Test description
Tracer
used*

Isotope Resultsf
sought (found/calculated),' Comments

243,Am— Np equilibrium solution
A 2 3 ' ilib

7Np
2 4 3 Am—2 3 9 Np equilibrium solid source^
2 3 9 Np source, count then radiochemistry 2 3 7 Np
239Npsolution; total decay to 2 3 9Pu 2 3 7Np, 23«

2 3 * Np source; total decay to 2 3 9 Put
239Pu standard solution, UKAEA
2 3 9Pu standard solution, NBS
" ' A m standard solution, UKAEA

2 4 3 Am standard solution, NBS

Tissue samples, gamma spectrometry
and radiochemistry

Pu

Pu
2 3 6Pu
244Cm
244Cm
2 4 'Am UKAEA
241Amf

239

239

Np
ratio

Np,"9Pu

a/0 ratio
2J9i

/0 at
39Pu
39

2 4 1

241
241
243

Am

Am
Am
Am

243 Am T/r'chem

0.98 + 0.02 (4)
1.01 ± 0.01 (2)
0.98 +0.02 (1)§
1.00 ± 0.02 (4)
1.00 + 0.02 (4)
1.02 ± 0.02 (4)
1.00 ± 0.04 (2)
1.00 ± 0.01 (6)
0.98 ± 0.01 (4)
0.97 ± 0.01 (6)
0.94 ± 0.01 (8)
0.95 + 0.03 (4)
1.02 + 0.02 (4)
1.00 ±0.02 (4)

1.01 ±0.07(7)

Plate is dissolved
Atom br,sis, 1972
Atom basis, 1972
Atom basis, 1973
Atom basis

Independent runs
Independent runs

7 dissolved tissues

i
S
m

8
3)
30

•Tracer standardized at our laboratory except UKAEA 2 4 ' Am.
tRatio ± standard deviation (1 a). Number of samples is listed in parentheses.
% Am and 2 3 Np sources coated with 500 jug Al/cm2 to prevent loss of atoms by recoil.
§ Single sample; error includes counting error (1 a), propagated error of 2 3 7Np standardization.
f UKAEA 2 4 ' Am standardized at our laboratory by tracer method.
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The capabilities and limitations of the methodology must be kept
in mind since many different mixtures of transuranic nuclides may
be encountered. If sample activity and tracer activity are out of
balance, the results are affected. This is an especially difficult
problem if the source of the samples is completely unknown. On
occasion, several different-sized aliquots must be taken to optimize
results for the different nuclides or, alternatively, the method of
additions must be used.

A sample from the reactor fuel cycle might contain most of the
long-lived transuranic-nuclides. If environmental samples also have
similar compositions, isotope-dilution techniques must be used with
care. The tracer nuclide, 2 4 3 Am, is present to an appreciable extent
relative to the 2 4 1 Am and 2 3 '"Nj>. The sample nuclide, 2 4 ' Am, must
be swamped by the added 2 4 3 Am tracer spike to minimize error
from this source.

For example, the composition of "the Shippingport fuel blanket
(Boldt and Ritter, 1969) is 1.8% 2 4 3 Am in 2 4 1 Am. For analysis of
a typical low-level sample, 20 dis/min of 243Am—239Np tracer is
normally added. The sample size would be limited to that containing
an activity level of <200 dis/min 2 4 ' Am if the error in 2 4 * Am is to
be kept below 10%. The same error would also be present in the
2 3 7 Np and 2 4 4Cm results since the results for 2 3 7 Np, 2 4 1 Am, and
2 4 4 Cm all depend on the 2 4 3 Am tracer.

An alternate method for relatively pure samples is to measure
2 4 1 Am by the gamma spectrometer in the dissolved but unseparated
sample. Once the 2 4 ' Am in the sample is quantified, it can be used
as an internal tracts for isotope-dilution analysis of 2 4 4Cm and total
2 4 3 Am( 2 3 9 Np) .
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RADIONUCUDE RELEASE FROM NON-NUCLEAR
ENERGY PRODUCTION: A SENSITIVE TECHNIQUE
FOR MEASURING LEAD-210 ON AIR FILTERS

DAVID G. COLES and JESSE W. T. MEADOWS
Lawrence Livermore Laboratory, University of California,
Livermore, California

ABSTRACT

A method of measuring z l 0 Pb content on air filters directly by Ge{Li)
gamma-ray spectroscopy and thus eliminating costly and lengthy radtochemical
procedures is discussed. Successful analyses of filters with typical atmospheric
concentrations (0.3 to 30 fCi/m3) of 2 ' °Pb have been done with air volumes as
low as 5000 m with a low-background, high-resolution, high-efficiency spec-
trometer. Examples are presented which demonstrate the usefulness of the
technique for inexpensive °Pb analyses in normal environmental air-sampling
operations. Studies of the movemr .-a, effects, and chemistries of emissions from
coal-fired power plants and geothermal areas are in progress.

A knowledge of the intrinsic behavior of the radionuclide 2 1 0 Pb is
becoming increasingly important as coal and geothermal-energy
technologies are developed by an energy-thirsty planet. Both
coal-fired power plants and geothermal-energy-production facilities
potentially increase the concentration of 2 1 0 Pb in the atmosphere
relative to ambient levels from natural surface emanation. During the
coal-burning process, naturally occurring 2 ' °Pb can be volatilized, or
it can enter the atmosphere from the release of its noble gas parent,
radon, in either coal burning or geothermal-energy production.

Knowledge of 2 ' °Pb concentrations is important in understand-
ing a variety of natural phenomena. Lead-210 has been used as a
meteorological tracer (Burton and Stewart, 1969; Feely and Seitz,
1970) and as a measure of the atmospheric residence time of certain
aerosols (Gavini, Beck, and Kuroda, 1974; Fry and Menon, 1962).
Crozaz, Picciotto, and De Breuck (1964) studied antarctic mow
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chronology using 2 1 0Pb. Bhandari, Lai, and Rama (1970) used
2 ' °Pb to study the vertical structure of the troposphere.

Perhaps a more important consideration is the health hazard of
airborne radioactivity. Clearly 2 ' °Pb and its parent and daughter
nuclides have been present at some concentration throughout the
history of the earth's atmosphere. We can assume then that all life
evolved in an atmosphere containing some concentration of 2 ' °Pb
(as well as other nuclides, e.g., 7Be). The historical concentrations of
these nuclides are admittedly difficult if not impossible to assess,
but, by studying the emanation rates of 2 2 2 Rn from the earth's
surface, we can determine with reasonable certainty a contemporary
background concentration for 2 ' °Pb.

Radon-222 enters the atmosphere by diffusion from soils and
rocks as it is produced by the decay of 2 2 6Ra contained in these
materials. The diffusion (or exhalation) rate depends on soil
conditions and is related to particle size (Megumi and Mamuro,
1974). The electrostatically charged decay products of 2 2 2 Rn
immediately attach themselves to any available aerosols and are
subsequently transported. The long half-life of 2 1 0 Pb (22.3 years)
allows it the opportunity for distant atmospheric movement.

Another reason for measuring the content of 2 1 0 Pb in the
atmosphere relates to possible significant increases in its background
by artificial means. Eisenbud (1973) suggested that the burning of
coal could increase the 2 2 2 Ra (and hence 2 1 0Pb) content locally by
a factor of 20. Since the great coal reserves of the United States are
expected to provide much of our future power, coal consumption
should be carefully monitored as a potential2' °Pb source.

The development of geothermal energy could also perturb the
2 1 0Pb background levels. Wollenberg (1974; 1975a; 1975b) investi-
gated the radioactivity of geothermal formations. He noted that
2 3 8 U decay chain.members 2 2 6 Ra and 2 2 2 Rn are the common
radionuclides. They also seem to be at elevated concentrations in hot
waters rich in CaCO3 relative to those rich in SiO2. The atmospheric
detonation of nuclear weapons has long been recognized as a source
of 2 1 0 Pb in the stratosphere. Such detonations are not steady-state
sources, however, and the residence tune for 2 1 °Pb in the strato-
sphere was reported by Gavini, Beck, and Kuroda (1974) to be about
1 year. Lead from gasoline, heavy industry, and heavily radioactive
soils could also cause some local increase in the atmospheric 2 ' °Pb
concentrations.

The measurement of natural 2 ' °Pb background levels can be
used as a "meterstick" to assess the impact of fission-product
contamination from the nuclear industry. A knowledge of 2 ' °Pb
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concentrations, along with the other natural radionuclides (7Be,
40K, 2 2 6Ra, etc.). provides a method of evaluating the level of
radioactivity the biosphere is tolerating.

Techniques for analyzing airborne radionuclides were developed
after 1948 in support of atmospheric nuclear weapons testing. The
analysis of 2 ' °Pb has historically involved radiochemical separation
from its daughters and subsequent counting of either the 'particles
from 2 ' ° Bi decay or the a particle from 2 * °Pb decay (Lockhart and
Patterson, 1964). Poet, Moore, and Martell (1972) described a
procedure for sequential radiochemical analysis of 2 1 0 Pb, 2 1 0Bi,
2 1 0 Po, and 90Sr. Maestas and Gallegos (1974) used a liquid
scintillation counting method for simultaneous analysis of both
2 ' °Pb and 2 ' °Po. All three methods require lengthy radiochemical
purification procedures.

We suggest a technique that requires no radiochemical separa-
tions. The 2 ' °Pb content can be determined directly by counting the
46.5-keV gamma ray with a Ge(Li) gamma-ray spectrometer. The
other common airborne radionuclides, such as 7Be and fission
products, can be determined at the same time.

EXPERIMENT

A simplified decay scheme for 2 2 * Ra through 2 ° 6 Pb is shown in
Fig. 1. Data on the nuclear decay parameters of 2 • °Pb *rere
compiled by Lewis (1971). The half-life was reported to be
22.3 years. The two j3 particles emitted have energies and branching
ratios of 0.017 keV (80%) and 0.061 keV (20%). The 46.5-keV
gamma ray is produced with an intensity (4.1%) sufficient for
counting. The efficiency of a Ge(Li) spectrometer for low-energy
photons can be determined by using gamma-ray standards, such as
the 36.5-keV gamma ray of I 3 7Cs, the 59.5-keV gamma ray of
2 4 'Am, the 87.7-keV gamma ray of 1 0 9Cd, the 122.0- and
136.3-keV gamma rays of 5 7Co, and the 145.0-keV gamma ray of
1 4 1Ce.

We found that a further sample self-absorption correction m
necessary (Coles, Meadows, and Lindeken, 1976). This •elf-
absorption correction for air-filter samples is baaed on the
PrK^ + Ka, X-ray (from »4»+144Ce decay > and the 80.1-keV
gamma ray of *44Ce decay, which surround the 46.5-keV gamma ray
from 2 1 0 Pb. The content of I 4 4Ce and I 4 1 Ce can be determined
very accurately because their gamma-ray energies are high enough
(133 and 145 keV, respectively) to allow us to assume that in air
filters self-absorption is very limited. From this information Ihe
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DECAY CHAIN
FROM Z 3 8 U

2 2 6 Ra 1602 years

NOBLE GAS—». 222Rn 3.823 days

Sa
2 1 ? Po 3.05 minutes

2 1 < Pb 26.8 minutes

2 1 4 B i 19.7 minutes

46.5-keV 7:

4.1 PHOTONS/100 DECAYS OF 2 t l l )Pb
2 0 6 Pb STABLE

Fig. 1 Simplified acheme of 2 3 8 U decay chain emphasizing the
2 i 0 Pb 46.5-keV gamma tnuuition. (Adapted from Lederer etal.,
1967.)

number of photons expected in the 80-keV peak and the 36-keV
Kai + Kaa peak is determined. Figure 2 shows the low-energy X-rays
and gamma rays from a typical air filter. The ratio of the observed
number of photons to the expected number was plotted vs. photon
energy. From this line the correction factor for the 46.5-keV 2 * °Pb
gamma ray w&£ extracted. For our 218-cc aluminum counting cans
filled with Whatman paper filters, this factor was 0.85 + 8%. In
actual practice, this factor was determined from a full year's series of
monthly air-filter samples. The error quoted is the standard deviation
of the 12 samples. Several simplifications were made to derive this
factor. It was assumed that the correction factor varied linearly over
the energy range used. Any errors thus produced were felt to be
small compared with the field sampling errors normally encountered
with monitoring equipment. Also the nuclear decay parameters am
not well known. The data included in Lewis's (1971) tabulation of
the gamma-ray energy and branching ratio were acquired before
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Fig. 2 Low-energy gamma-ray spectrum of January 1S75 Livermore
air filter.

1959. Therefore the assumption that these data were accurate may
not be valid.

Using data from our low-level Compton-suppression spectrometer
(Camp,Gatrousis, and Maynard, 1974), we found that the lower limit
of detection for this technique was 20 dis/min. This was equivalent
to a 104-m3 sample containing ~1.0 fCi/m3.

Since we gain only about a 20 to 30% increase in sensitivity using
Compton-suppressed data, in comparison with unsuppressed data, we
believe that a typical Ge(Li) gamma-ray spectrometer designed for
low-level environmental sample analysis could be used for routine
samples containing as little as 100 dis/min (SfCi/m3). Smaller
volume diodes can be an aid in analyzing low-energy gamma and
X-rays. They are more transparent to the higher energy photons
(from fission products, e.g.) and hence produce fewer Compton
interactions. The Compton continuum is ihe major sensitivity
limitation for low-energy-photon analysis.

DISCUSSION

Table 1 ahows examples of various sample types we encountered
in our investigation of 2 1 0 Pb. The Lhvrmore air filter contains
essentially the same amount of 1 1 0 Pb as one from a feothermal
region. This lisaitsd amount of mformation could indicate that
fMttMtmal-eoHiy production is not a atrioiis ffanat to the bio-
•pban. Anas at low conosnteation MM JJ—aenfad by &i South Pole
atutton ssavpiM. j U aotsd in ttw tabat, w« could see J » • » on the
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TABLE 1

EXAMPLES OF 2 * °Pb ANALYSIS ON A
VARIETY OF SAMPLES AND

MATRIXES

Sample

Livermore air filter
Air from South Pole Station,

Antarctica
Cascade impactor.

South Pole Station
Last stage (No. 5)
Back-up filter

Geothermal air filter

Sample

Geothermal'brine salt
Coal
Fly ash
Livermore Valley soil
Yosemite granitic soil

2' °Pb concentration,*
ffii/m3

10.0 + 10%

0.96 ± 47%

0.26 ±80%
0.96 ± 50%
14.0 ± 11%

2 1 0 P b concentration,*
fCi/g

11,000. ± 5%
260. ± 32%

1,400. ± 19%
740. ± 40%

2,700. ± 20%

•Concentrations are sample values ± counting
error.

last stage and backup filter of a cascade impactor sample. The
volume of air through this impactor was 7520 m3. The second part
of the table gives data from samples with denser matrixes. The
self-absorption correction for such samples is less reliable than that
for air filters. The correction used is described by Coles, Meadows,
and Lindeken (1976). Since this procedure corrects the 63.3-keV
gamma ray for direct measurement of 2 3 8 U , it is only an
approximate correction to the 2 1 0Pb 46.5-keV gamma ray. More
work is required to better quantify the correction for dense samples.

As yet no direct intercomparison work has been done to check
out instrumental procedure. We do plan to gamma count a series of
filters and Ihen to submit the samples to the classical radiochemical
techniques for data comparison. We also hope to do an entirely
instrumental intercomparison experiment with other laboratories to
check our gamma-counting scheme.

Since duplicate samples were not available, we compared our
2 1 0Pb measurements with similar samples measured by others
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TABLE 2

COMPARISON OF 2 1 °Pb CONTENT AT SELECTED
AIR-SAMPLING LOCATIONS IN THE

UNITED STATES*

Reference and
location

Data from Rangarajan,
Gopalakrishnan,
and Eapen, 1976

Anchorage, Alaska
Argonne, HI.
Honolulu, Hawaii
Los Angeles, Calif.
Mid Manhattan, N.Y.
Miami, Fla.
New Orleans, La.
Salt Lake City, Utah
Thule, Alas.
Winchester, Mass.

Data from Hardy,
1976

Richmond, Calif.
Data from our work

Livermore, Calif.

n

10
29

8
11

12
11
12
14
10

12

12

2 1 0Pb concentra-
tion, fci/m3

9.0
21.0

5.0
15.0
20.0

S.9
21.0
25.0

5.9
14.0

6.3

11.0

Range of values

5.0-16.0
11.0-76.0
4.0-7.0
6.0-25.0
9.2-43.0
2.7-13.0

12.0-35.0
18.0-40.0
1.1-9.2

10.0-22.0

0.66-13.2

4.6—24.0

Sampling
dates

1966
1964—1966

1966
1966
1969

1960-1962
1966
1966

1960-1962
1966

1975

1975

•Samples were collected monthly, except those for Miami and Thule, which
were collected bimonthly.

(Table 2). The variability with location is apparent. Data from our
work compared very well with averages and ranges of data from
Los Angeles. Data for Richmond, Calif., are less than those for
Livermore by a factor of 2. Although Richmond is only 56 Ion
northwest of Livermore, it is located on San Francisco Bay and
receives much more marine weather influence. The lower 2 1 0 Pb
content in its air is likely caused by a dilution effect by marine air.

Lead-210 values shown in Table 2 are in good agreement with
Eisenbud's (1973) range of atmospheric 2 ' °Pb content (4.8 to 26.0
fCi/m3). Junge (1963) expanded on a model first proposed by Israel
(1958) to calculate the expected atmospheric concentration of
2 2 2 Rn using a radon flux of 0.4 pCi nf2 sec*1. That calculation gave
estimates of from 130pCi/m3 of 2 2 2 Rn at ground level to
65 pCi/m3 at 1 km. Since 2 2 2Rn decays rapidly to 2 ' °Pb (a nuclide
with a half-life of 3.8 days decaying to one with a half-life of
22.3 years), these numbers represent a range of 61 fCi/m3 of 2 * °Pb
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at ground level to 31 fCi/m3 of 2 ' °Pb at 1 km altitude. This is near
the observed 2 ' °Pb concentrations.

Figure 3 is a histogram showing the 2 ' °Pb concentration in air at
Livermore and at a site in the hills —16 km southeast of Livermore.
We measured monthly composites from 2 years of continuous
sampling. Considering the local topographic and wind-pattern differ-
ences, these two sites display very similar variations and concentra-

40

30 -

§20

J F M A M J J A S O N O J F M A M J J A S O N D J
1974 | 1975 j

Fig. 3 Variation of 2 1 0Pb on air filters. , Livermore Valley
sampling site. , sampling site in the hills ~16 km southeast of
Livermore.

tions. The most obvious features are recurring low concentrations in
the spring and two separate periods of high concentrations—one in
the fall and one in the winter. Peirson, Cambray, and Spicer (1966)
noted a similar variation in ground-level air in 1958 in the United
Kingdom. Mattsson (1970) also noted a maximum in late summer
and mid-winter, as well as a minimum in April and May. He suggested
the minimum was caused by an increase in groundwater levels.
Baranov and Vilenskii (1965) stated that the average 2 1 0 Pb
concentration near Moscow was seasonally independent. Such diverse
observations point to the complexity of modeling not only of 2 * °Pb
movement but also of aerosol movement as a whole.
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CONCLUSION

The analytical technique for 2 ' °Pb measurement reported here is
not intended to replace radiochemical techniques. Such techniques
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are more sensitive and are necessary for analyzing 2 l 0 Bi , 2 l 0 P o ,
90Sr, etc. For many applications, however, our technique provides
an inexpensive method for routine measurement of 2 1 °Pb and is an
alternative method for many 2 ' °Pb analyses previously done only
with radiochemical techniques. Such cost-effective measurements
will become increasingly important as environmentalists monitor the
growing nuclear, coal, and geothermal power industries.

ACKNOWLEDGMENT

The research reported here was performed under the auspices of
the Energy Research and Development Administration under con-
tract No. W-7405-Eng. 48.

REFERENCES

Baranov, V. I., and V. D. Vilenskii, 1965, 2 1 0Pb in the ^mosphere and in
Fallout, Sov. J. At. Energy (Engl. Transl.), 18: 645-648.

Bhandari, N., D. Lai, and Rama, 1970, Vertical Structure of the Troposphere as
Revealed by Radioactive Tracer Studies, .A. Geophys. Res., 75: 2974-2980.

Burton, W. M., and N. G. Stewart, 1969, Use of Long-Lived Natural
Radioactivity as an Atmospheric Tracer, Nature, 186: 584-589.

Camp, D. C, C. Gatrousis, and L. A. Maynard, 1974, Low Background Ge(Li)
Detector Systems for Radioenvironmental Studies, Nucl. Jnstrum. Methods,
117:189.

Coles, D. G., 3. W. T. Meadows, and C. L. Lindeken, 1976, The Direct
Measurement of ppm Levels of Uranium in Soils Using High Resolution
Ge(Li) Gamma-Ray Spectroscopy, Set. Total Environ., 5: 171-179.

Crozaz, G., E. Picciotto, and IV. de Breuck, 1964, Antarctic Snow Chronology
with 210Pb,^. Geophys. Res., 69: 2597-2604.

Eisenbud, M., 1973, Environmental Radioactivity, 2nd ed.. Academic Press, Inc.,
New York.

Feely, H. W., and H. Seitz, 1970, Use of Lead-210 As a Tracer of Transport
Processes in the Stratosphere, J. Geophys. Res., 75: 2885-2894.

Fry, L. M., and K. K. Menon, 1962, Determination of the Tropcspheric
Residence Time of Lead-210, Science, 137: 994-995.

Gavini, M. B., J. N. Beck, and P. K. Kuroda, 1974, Mean Residence Time of the
Long-Lived Radon Daughters in the Atmosphere, J. Geophys. Res., 79:
4447-4452.

Hardy, E. P., Jr. (Ed.), 1976, Health and Safety Laboratory Environmental
Quarterly, Sept. 1—Dec. 1, 1976, ERDA Report HASL-298, Appendix, New
York Operations Office, ERDA, N. Y., Health and Safety Laboratory, NTIS.

Israel, H., 1958, Die Naturliche Radioaktivitat in Boden, Wasser und Luft.Beifr.
Fhys. Atmos., 30:177-188.

Junge, C. E., 1963, Air Chemistry and Radioactivity, Academic Press, Inc., New
York.

Lederer, C. M., et al., 1967, Tables of Isotopes, 6th ed., John Wiley £ Sons, Inc.,
New York.



RADIONUCLIDE RELEASE 299

Lewis, M. B., 1971, Nuclear Data Sheets for A-210, B5: 631-633, Academic
Press, Inc., New York.

Lockhart, L. B., Jr., and B. L. Patterson, Jr., 1964, Techniques Employed at the
U.S. Naval Research Laboratory for Evaluating Air-Borne Radioactivity, in
The Natural Radiation Environment, Rice University, Houston, Tex.

Maestas, S., and A. E. Gallegos, 1974, Radiochemical Analysis for Pb-210 and
Po-210 in Environmental Samples. Report No. 048, New Mexico Water
Resources Research Institute, New Mexico State University, Las Cruces.

Mattsson, R., 1970, Seasonal Variation of Short-Lived Radon Progeny, 2 1 0 P b
and 2 1 0 P o in Ground Level Air in Finland, J. Geophys. Res., 75:
1741-1744.

Megumi, K., and T. Mamuro, 1974, Emanation and Exhalation of Radon and
Thoron Gases from Soil Particles, J. Geophys. Res., 79: 3357-3360.

Peirson, D. H., R. S. Cambray, and G. S. Spicer, 1966, Lead-210 and
Polonium-210 in the Atmosphere, Tel'us, XVffl(2): 427-433.

Poet, S. E., H. E. Moore, and E. A. Martell, 1972, Lead-210, Bismuth-210, and
Polonium-210 in the Atmosphere: Accurate Ratio Measurement and
Application to Aerosol Residence Time Determination, J. Geophys. Res.,
77: 6515-6527.

Rangarajan, C , S. S. Gopalakrishnan, and C. D. Eapen, 1976, Global Variation
of Lead-210 in Surface Air and Precipitation, in E.P. Hardy, Jr. (Ed.),
Health and Safety Laboratory Environmental Quarterly, Sept. 1—Dec. 1,
1975, ERDA Report HASL-298, pp. 1-63—1-82, New York Operations
Office, ERDA, N.Y., Health and Safety Laboratory, NTIS.

Wollenberg, H. A., 1974, Radioactivity of Nevada Hot-Spring Systems, USAEC
Report LBL-2482, California University, Berkeley, Lawrence Berkeley
Laboratory, NTIS.
, 1975a, Radioactivity of Geothermal Systems, ERDA Report LBL-3232,
California University, Berkeley, Lawrence Berkeley Laboratory, NTIS.
, 1975b, Sampling Hot Springs for Radioactive and Trace Elements, ERDA
Report LBL-4422, California University, Berkeley, Lawrence Berkeley
Laboratory, NTIS.



A TECHNIQUE FOR IN SITU MEASUREMENT
OF THE NATURAL RADIATION FIELD AND
THE ASSOCIATED EXPOSURE RATE

R. N. COLEMAN,* J. M. PALMS,* O. H. PUCKETT,* H. L. RAGSDALE.t
B. K. TANNER* and R. E. WOOD* J
•Department of Physics and tDepartment of Biology,
Emory University, Atlanta, Georgia

ABSTRACT

A mobile environmental radiation laboratory was developed to measure the
natural radiation field in situ and to deduce the resulting gamma-ray dose-
exposure rate. The laboratory consisted of a truck, a Ge(Li) high-resolution
gamma-ray spectrometer, associated electronics, and a calculator capable of
analyzing the data completely at die measurement site. Preliminary in situ
measurements indicated excellent agreement with laboratory soil analyses and
environmental thermoluminescent dosimetry determinations.

There is a growing need for knowledge of the natural radiation field
around nuclear facilities (McLaughlin and Beck, 1973). Measure-
ments have traditionally been made either by laboratory analysis of
soil samples or by thermoluminescent dosimetry (TLD) deter-
minations in the field. More recently, increased use is being made of
in situ gamma-ray spectroscopy measurements (Beck, Condon, and
Lowder, 1964; Beck, DeCampo, and Gogolak, 1972; Phelps et al.,
1972; Anspaugh et al., 1973; Phelps et al., 1974; Ragaini et al.,
1975).

The Departments of Physics and Biology at Emory University
have been engaged for several years in a radiological survey of an area
on the South Carolina coastal plain near Barnwell (Platt et al., 1973;
Ragsdale and Shure, 1973; Palms, Tanner, and Wood, 1974). Some
of this work is associated with assessing the environmental impact of

f Present address: Southern Railway System, Atlanta, Georgia.
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nuclear power facilities. In this radiological survey, extensive use is
made of high-resolution gamma-ray spectroscopy accomplished by
the analysis of environmental samples in the laboratory. An approach
complementary to this is in situ gamma-ray spectroscopy, in which
the Ge(Li) detector is transported to the sample site and a
gamma-ray spectrum is acquired and analyzed.

The mobile environmental radiation laboratory, which was
assembled for in situ gamma-ray spectroscopy, is described in detail
here. The necessary calculations are explained, and a routine
operating procedure is developed. The results of in situ gamma-ray
spectroscopy performed near Barnwell, S. C , over a period of several
months are examined to demonstrate the accuracy and effectiveness
of the system in the southeastern United States.

THE MOBILE ENVIRONMENTAL RADIATION LABORATORY

Vehicle

The mobile environmental radiation laboratory consists of a
1975 G M C Jimmy truck (General Motors Corp.) with all the
equipment necessary to accumulate and analyze in situ gamma-ray
spectra. This vehicle is large enough to contain all the electronic gear
and yet small enough to be completely maneuverable off the road. It
is designed to operate in remote areas and is fitted with heavy-duty
equipment wherever possible. A 7.6-cm-thick bulkhead athwart the
rear of the truck divides the cargo space into two sections. One
section, at ambient temperature, is accessible through the tail gate;
this is where the Ge(Li) detector is carried. The section inside the
truck, where the electronic equipment is located, is maintained at
room temperature by the vehicle air conditioner or heater as
appropriate. On the ambient-temperature side of the bulkhead is a
2.5-kW generator that supplies 120 V of alternating current for
operating the electronic gear. It is shock mounted to the floor of the
truck and exhausts through the open tail gate.

Dttfctorand Electronic Equipment

The Ge(Li) detector, a Canberra Industries, Inc., 7229 down-
looker with Canberra 970 preamplifier, is mounted on a tripod 1 m
above the ground for in situ counting and is connected to the truck
by a 30-m-long coaxial cable carrying the energy signal. Power for
the preamplifier and high voltage for the detector are supplied by
batteries hanging from a yoke attached to the detector dewar. The
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absence of the usual high-voltage and power cables eliminates ground
loops and increases the energy resolution.

The electronic components, which are installed in a cut-down
shock-mounted relay rack in the air-conditioned part of the truck,
include a 4396 channel Northern Scientific NS-720 multichannel
analyzer, Northern Scientific NS-442 calculator interface, Hewlett-
Packard Co. 9810A desk top calculator, Hewlett-Packard 9S65A
cassette memory, and a Canberra 1413 linear amplifier. The
equipment was adapted to fit the requirements of the mobile
laboratory, rather than being purchased specifically for in situ work.
The detector, calculator, and analyzer are used for fixed-geometry
counting in the laboratory when the truck is not actually in the field.

Analysis System

Each gamma-ray spectrum is analyzed by the calculator, which
has 2036 program steps, 111 storage registers, and read-only
memories allowing single-step calculation of transcendental func-
tions, alpha-numeric hard-copy printout, and peripheral control. The
calculator is interfaced to the multichannel analyzer. The guiding
principle is that the complete analysis is to be performed on-site in as
short a time as possible. This capability is thought to be unique. The
software system consists of programs recorded on a tape cassette in
their exact order of use so that no time is lost in tape transport and
tape commands are held to the minimum. The analysis is initiated
and controlled by the operator; thus the calculator is left free for
other use during spectrum accumulation.

Before each analysis a two-point linear energy calibration is made
with the in situ spectrum just acquired. Experience has shown this to
be necessary because of gain shifts caused by temperature changes
inside the truck. The energy calibration requires about 1 min to
complete.

The analysis program calculates the intensity of each photopeak
in the spectrum and the activity and gamma-ray exposure rate for
each isotope in the library.

The intensities of the 352-keV 2»4Pb line and 583-keV 2 ° 8 Tl line
are stored for use in the interference correction described in this
section. The peak-detection subroutine closely follows that devel-
oped by Wood and Palms (1974), with the addition that a limit of
sensitivity, LOSI, is given by 2y/2NJ where 2N is the sum of points
in the continuum if a peak is detected or the sum of six points at the
peak position if it is not detected but is in the library. This
subroutine will resolve peaks only four channels apart. For each



IN SITU MEASUREMENT OF NATURAL RADIATION FIELD 303

peak, the output, which may be suppressed, is energy, centroid,
number of channels in the peak, intensity, and error in intensity.

A library search is performed for each peak detected. If this is
successful, the activity (A), error (AA), and minimum detectable
activity (MDA) are output. The activity is given by

A
A 47reT 0.037r 0c

where I = intensity (counts in photopeak)
Ii = interference intensity
T = count time
1 = height of detector above the ground
€ = absolute efficiency of detector

0.037F 4>c(ot/p) = conversion from flux to pCi/cm2 or pCi/g
k = interference factor
p = soil density
a = relaxation length of exponentially distributed

source activity with soil depth
r = gamma fraction

0.037 = disintegrations/sec/pCi

The considerations leading to Eq. 1 are given by Beck, DeCampo,
and Gogolak (1972), along with a more general discussion of the
problem than is desirable here. The value of <j>c(a/p) used here is
obtained by fitting curves to the data given in Table 1 of the report
by Beck and coworkers (1972). The curves are of the form

f /nl I — C ~ . . . ~ Y¥ ' . . . - VX WX \^J

PI ' (3>

0C(O) = tabulated a = 0 (4)

where w is energy (keV). The condition or = 0 corresponds to a
source distributed uniformly in the soil, in which case A is in
picocuries per gram; a = °o is a plane source. For other conditions an
exponential distribution with depth is assumed, with a relaxation
length of I/a; A is in picocuries per square centimeter in these cases
(or ¥= 0). The interference factor is given by

er0c(O) interfering line (i.e., 665.6 keV 2 ' 4Bi)
=-™"^interferenceseries(i.e.,352keV 2*4Pb) ( "
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This is the fraction of the intensity of, for example, the 352-keV
2 l 4 P b line to be subtracted from the 661.6-keV I 3 7 Cs line to
correct for interference from the 665.6-keV 2 ' 4Bi line. The error in
the activity is

A A = [AI2 + (0.07I)2 + (kAIj)2 + (0.03I)2 f 6 )

where AI = statistical error in photopeak integration
0.071 = estimate of error introduced in efficiency calibration and

curve fitting
kAIj = error in interference subtraction

0.031 = estimate of effect of reasonable error in soil-density
determination

b = denominator in Eq. 1

The minimum detectable activity, calculated for each isotope in the
library whether it is detected or not, is given by

(7)

The gamma-ray exposure rate, ER, calculated in micrcroentgens
per hour for each isotope or decay chain, is

where $E(a/P) i s obtained from Tables 8 and 9 of the report by
Beck, DeCampo, and Gogolak (1972). These data are fit to curves of
the form

j ) = eb3(f
is tabulated for a = 0 and or = °°. The error in exposure rate

includes a 5% calibration term. A minimum detectable exposure rate
(MDER) is also provided.

Peaks with a right-hand continuum that rose above the threshold
(i.e., did not decrease monotonically) are flagged. This may indicate
poor statistics cr the presence of another peak that was missed in the
scan. In these cases a program that allows the continuum to be
specified by the operator is used, and the calculation proceeds as
described. Spectra can be stored on tape cassettes and reloaded into
the multichannel analyzer at a later time. Other programs print
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sections of the spectrum, calculate efficiency, and alter the isotope
library. The absolute efficiency of the detector is given by

E(w) = [1 - l n

where e, , e2 , e3 , and e4 are measured and w is the energy in
kiloelectronvolts.

RESULTS AND DISCUSSION

System Performance

The mobile environmental radiation laboratory took part in a
radiological survey near Bamwell, S. C , where a nuclear facility is
under construction. Reproducible plant communities typical of the
area were selected as locations for in situ spectroscopy, e.g., old
agricultural fields, currently cultivated fields, scrub oak forests, and
Carolina bays. Because the truck can reach many sites inaccessible to
larger vehicles, site selection is less constrained.

The detector can be in place and counting within 3 min of
arrival. Two hours was found to be the shortest counting time
consistent with good statistics; no improvement is noted for counts
longer than this. Good spectra can be acquired in shorter times, but
small, low-energy peaks suffer. The time required for analyzing the
spectrum is about 7 min; this includes energy calibration. During the
count in hot weather, the hoed of the truck is raised and the engine
throttled up to operate the air conditioner without overheating. A
reflective blanket is draped over the windshield if it is in direct
sunlight. While the count is in progress, the operators collect soil
samples and measure the soil density.

The mobile environmental radiation laboratory was designed and
outfitted for operation in the southeastern United States. The vehicle
and equipment are well adapted to their task and have performed
reliably. No experience with cold weather has been accumulated,
but, in view of the mild winters to be expected in this area, no
difficulties are foreseen. It is possible that modifications would be
required for more severe climates.

Measurement Results

The data presented here illustrate the capabilities of the in situ
technique and provide some basis for an evaluation. A detailed
application of the technique is given by Ragsdale et al. (this volume).
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Spectra taken at a series of sites over a period of several months in
1975 were compared to core-sample measurements and thermolu-
minescent dosimetry (TLD) determinations. Figure 1 is a typical in
situ spectrum.

Table 1 compares the activities of naturally occurring radio-
isotopes at a site called Circular Turkey Oak as measured by the in
situ technique and by Ge(Li) gamma-ray spectroscopy of soil core
samples in the laboratory. The core-sample activities, given at 5-cm
intervals down to 30 cm, show the uniform distribution of these
isotopes with depth. In situ measurements made over a period of
several months at this site show excellent agreement with the
core-sample data. For radioisotopes distributed uniformly with
depth, the in situ technique can provide the same analysis as a
time-consuming laboratory count.

A comparison between exposure rates measured by the in situ
method and by TLD is also very favorable (Table 2). The in situ
exposure rate is calculated by summing over all isotopes present and
correcting for cosmic ray exposure. This procedure ignores compli-
cations arising from the production of 2 2 2 Rn but is still remarkably
accurate. It is not possible to treat gases with this method although
4 ' Ar has been detected on several occasions.

It is clear from the discussion of the activity calculation that soil
density, p, and relaxation length, I/a, are very important. Figure 2
shows that for 1 3 7Cs the calculated activity is fairly insensitive to
variations in the soil density over the region of interest. The
calculated exposure rate is quite insensitive. In any case, since the
soil density can be accurately measured, we can assume that little
error is introduced by the factor of soil density.

The activities are very sensitive to variation in the relaxation
length, I/a (Fig. 3). This is a factor only for long-lived fallout
nuclides since naturally occurring radioisotopes are distributed
uniformly in the soil (a = 0) and short-lived fallout isotopes, if
present, are a surface deposition (a = °°). For long-lived fallout
isotopes, the depth distribution must be determined by counting
core samples in the laboratory. In addition to illustrating the great
sensitivity of the activity to variation in a, Fig. 3 also shows that the
exposure rate is much less dependent on this factor since it goes
through a minimum in the region of interest.

We have found that, in general, the depth distribution for ' 37Cs
is well represented by an exponential of the form A(z) = A^e*** and
that a can be accurately determined for each site, or even for each
type of site. There are some sites, such as plowed fields, which do
not fit neatly into this form; their depth distribution is poorly
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TABLE 1

COMPARISON OP NATURALLY OCCURRING RADIOISOTOPES MEASURED BY THE
IN SITU METHOD AND IN THE LABORATORY*

1 1 4 Pb activity, pCi/g 2O«T1 activity, pCi/g 4 0 K activity, pCi/g

Core Core Core
Soil samples, samples, samples,

depth, laboratory In situ laboratory In situ laboratory In situ
Date cm analysis analysis analysis analysis analysis analysis

June 1975 0-5 0.41 ±0.04 0.42 ±0.06 0.58 ± 0.05 0.57 ± 0.06 0.31 ± 0.11 0.34 ±0.07
August 197 C 5—10 0.43 ±0.03 0.31 ±0.04 0.59 ± 0.05 0.45 ±0.05 0.25 ± 0.10 0.38 ±0.06
November 1975 10-15 0.43 ±0.03 0.51 ±0.05 0.60 ±0.05 0.50 ±0.05 0.23 ± 0.07 0.35 ±0.07
December 1976 15-20 0.43 ±0.03 0.57 ±0.06 0.60 ±0.05 0.49 ±0.05 0.26 ± 0.08 0.44 ±0.07

20-30 0.43 ±0.03 0.60 ±0.05 0.22 ± 0.08

'Laboratory data are from fixed-geometry low-background Ge(Li) spectroscopy analyses of core samples. The core data are
averages of four samples collected within a 10-m radius of the in situ location. All values are ± standard deviation.



TABLE 2

COMPARISON OF EXPOSURE RATES* (MR/hr) AS MEASURED BY TLD AND BY THE
IN SITU Ge(Li) SPECTROSCOPY TECHNIQUE NEAR BARNWELL, S. C.

Location

Barnwell Nuclear Fuel
Plant terrestrial
sample sites

Site 2
SiteS
Site 4
Site 5

8 km east of
fuel plant

Carolina bay, north-
east of fuel plant

Air—rain stations
Fuel plant
Hilda
Govan
Osborn Road

Aug. 1973-
Jan. 1974

5.2 ±0.7
5.0 ± 0.4
5.4 ± 0.4
5.6 ±0.7

6.1 ±0.9

4.5 ± 0.4

7.4 ± 0.6
4.6 ± 0.7

Feb. 1974-
July 1974

4.6 ± 0.5
5.6 ±0.4
4.6 ± 0.6

6.3 ± 0.6

5.0 ± 0.5

6.7 ± 0.3
4.4 ± 0.7

TLDf
Aug. 1974-
Nov. 1974

3.3 ± 1.3
3.4 ± 1.1
3.5 ± 1.1
4.1 ±1.2

3.5 ± 1.3

3.1 ± 1.6

5.6 ± 1.5
2.3 ± 1.2

Dec. 1974-
May 1975

3.7 ± 0.6
3.8 ± 1.1
3.6 + 0.4
3.7 ± 0.6

4.9 ± 0.7

3.1 ± 0.5

6.1 ± 0.9
3.9 ± 0.4
2.6 ± 0.8
5.1 + 0.4

June 1975-
Nov. 1976

2.6 ± 0.8
2.5 ± 1.1
2.5 ± 0.8
3.7 ± 1.0

3.3 ± 1.0

3.1 ± 1.3

4.3 ± 0.8
2.2 ± 0.8
1.3 ± 1.2
2.2 ± 0.9

In situ
Nov. 1975

and
Dec. 1975

3.0 ± 0.2
2.3 ± 0.2
3.6 ± 0.2
4.4 ± 0.3

3.2 ± 0.2

3.5 ± 0.3

4.8 ± 0.3
4.1 ± 0.3
2.0 ± 0.2
3.4 ± 0.2

z
(0
c
3
m

3D
m

\

o
z

c

r
§
o

o

m
*A11 values are ± standard deviation,
fAn exposure rate of 3.5 ± 0.2 MB/hr, from ionizing components of cosmic radiation measured in the vicinity of

Barnwell Nuclear Fuel Plant (Hall and Ross, 1974), has been subtracted from the total exposure rate measured by each
TLD.
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2.0
SOIL DENSITY, g/cc

Fig. 2 Activity and exposure rate for 137Cs as * function of soil
density. The relaxation length it assumed to be 4.14 cm. The (haded
bar shows the range of soil densities encountered in the vicinity of
Barnwell, S. C. The ordinate is in arbitrary unite.

represented by an exponential dependence. An error of a factor of 2
or 3 can be introduced in this instance. It is certainly possible to
handle any depth distribution function by superpositioning plane
sources buried at various depths (Beck, DeCampo, and Gogolak,
1972) or by combining exponentials with different relaxation
lengths. This further refinement is perfectly feasible and will permit
accurate treatment of these sites by the in situ technique. This point
illustrates very clearly that in situ gamma-ray spectroscopy is not a
self-contained environmental radiation-monitoring technique but
depends heavily on laboratory analyses for its accuracy. A detailed
discussion of the distribution of ' 37Cs with depth and its effect on
the application of the in situ technique is given by Ragsdale et al.
(this volume).

Conclusions

The in situ technique using the equipment and procedures
described here has been shown to be of great value in radioecological
studies with reference to nuclear facilities. It possesses the advsntages
of short counting times, lack of sample preparation and storage, and
immediate results. By analyzing each spectrum on-dte., we can make
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Fig. 3 Activity and exposure rate for ' 3 7C« ac a function of a. The
aouice is assumed to be distributed exponentially in the soil with a
relaxation length I/a, and toil density is assumed to be 1.6 g/cc. The
bar indicates the practical range of a. The ordinate is in arbitrary
units.

decisions for further counting based on results. Of course, since
detailed spectroscopic information is not available by this method, it
must be a supplement to a program of sample collection and
laboratory analysis.

In conclusion, we have shown that exposure rates can be
measured quickly and accurately in the field by the in situ technique.
The activities of each radionuclide present can also be determined if
the depth distribution is known from other sources. Large errors can
be introduced by assuming an incorrect depth distribution. The
technique should prove useful for routine environmental radiation
monitoring and related studies.
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:N SITU MEASUREMENT OF SOME
GAMMA-EMITTING RADIONUCLIDES IN PLANT
COMMUNITIES OF THE SOUTH CAROLINA
COASTAL PLAIN
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ABSTRACT

In situ and laboratory gamma-ray ipecboscopy measurements were taken in nine
scrub oak forests and nine old fields to determine the applicability of in situ
analysis in the coastal plain. Data collected at each of the 18 cites included a 2-hr
count, soil density and moisture estimates, and vegetation measurements.
Samples returned to the laboratory for radiometric analysis included litter and
herbaceous vegetation and soil cores. Analysis of the gamma-emitter detection
frequencies, concentrations, and burdens snowed good to excellent agreement
between laboratory and in situ methods. Generally, forests were determined to
be superior in situ sampling systems. Laboratory analysis of collected samples
may be a superior technique for gamma emitters with low energies, low
concentrations, or nonuniform distributions in the soil. Three potential uses of
in situ Ge(Li) spectrometers were identified and discussed in terms of their limits
and of the replicate ecosystems appropriate for in situ analyses. Although the
variety and the bipgeochemical cycling regimes of southeastern coastal plain
ecosystems complicate in situ analyses, it was concluded that comparable and
probably accurate results can be achieved using in situ technology.

Assessing the radiological impact of the nuclear industry on natural
environments is important for the protection of natural systems and
their species components and for determining the dose to man from
natural areas. If the impact of pollutant releases is defined in terms
of concentration of pollutants (Platt, Ragsdale, and Shure, 1971)

{Present address: Southern Railway System, Atlanta, Georgia.
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rather than reai or potential species damage, then comprehensive and
accurate assessment of pollutant concentrations in natural environ-
ments is a significant activity since the detection of increases in
concentrations can serve as an early warning system (Platt et al.,
1974) of long-range impacts.

Two fundamental problems are encountered in dealing with
pollutant concentrations on a radioecological basis: (1) The lack of
information on the frequency of occurrence and the concentration
of radionuclides in various natural systems and (2) the time,
expense, and errors associated with field collection and laboratory
analysis of samples from natural systems. For many purposes
order-of-magnitude data may suffice; however, when environmental
base lines and specific impacts must be documented, or "early
warning" of increasing environmental concentrations of radio-
nuclides must be provided, it is necessary to deal with concentrations
of less than order-of-magnitude differences.

The general need for documentation of radionuclides in natural
systems has resulted in a variety of in situ gamma spectrometers with
both Nal and Ge(Li) crystals (Adams and Fryer, 1963; Lowder,
Condon, and Beck, 1963; Beck, Lowder, and McLaughlin, 1971).
Except in restricted cases, the high resolution of Ge(Li) gamma
spectroscopy makes it a superior method to Nal spectroscopy. At
least two Ge(Li) in situ systems have been developed and tested in
the western and southwestern United States with acceptable results
(Ragaini et al., 1975; Phelps et al., 1974). Although spectrometers
can be expected to perform similarly, there is considerable difference
in the ecosystems encountered in the southwestern and southeastern
United States.

Our primary objective was to test the utility of in situ Ge(Li)
gamma spectroscopy in the vegetationally complex upper coastal
plain of the southeastern United States. Typical and contrasting
types of oak—sand hill and old-field plant communities were selected
and analyzed by in situ gamma spectroscopy and by the traditional
method of sample collection, laboratory analysis. The results of the
two methods were compared by gamma-emitter detection fre-
quencies, concentrations, and unit-area burdens.

MATERIALS AND METHODS

Replicates of commonly occurring old-field and scrub oak-sand
hill communities were chosen for analysis. Potential sampling sites
were selected from aerial photographs, and final site selection was
made after visual inspection. A total of 18 sites, nine pairs of old
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fields and scrub oak forests, were selected in nine sectors distributed
along three 43-km transects extended from Allied General Nuclear
Services' Barnwell Nuclear Fuel Plant (BNFP) through the cities of
Williston, Bamwell, and Allendale, S. C. (Fig. 1). The old-field and
forest sites of each of the nine sectors were selected to be as

Wig. 1 Distribution of Mmpling rites alonf the WillUton, Bamwell,
and Allendale traniectt extending outward bom Bamwell Nuclear
Fuel Plant (BNFP). Circle, are old fields, and triangles are forests.
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geographically close together as possible. The soils in the region
representative of the sampling sites are crystalline, acid sands with
small amounts of kaolinite clays. A sandy overburden is underlain by
a dense soil with increaser" clay content. The depth of the sandy
overburden may be as shallow as 15 cm but can extend to 40 to 60
cm. The surface soils are well drained.

At each of the 18 sites, a center point marked by a stake was the
location of the Ge(Li) crystal. A standard procedure for in situ
spectrometry was followed at each site (Coleman et al., this volume).
The Ge(Li) detector was placed at the station center point 1 m above
the ground, and a gamma-ray spectrum (from 0 to 1.5 MeV) was
acquired and analyzed. In situ concentrations of gamma emitters
were calculated before leaving each site.

Samples for laboratory gamma spectrometry were collected at
each site after the in situ counting. Five 0.5-m quadrats were located
by a random angle and distance, both measured from the site center
point. The herbaceous vegetation and litter were collected from each
quadrat. Soil cores, 7.6 cm in diameter, were collected in five 5-cm
segments from each quadrat and were composited by depth interval
for each site. Additionally, three sets of soil density samples with six
5-cm intervals per set were collected at each site by coring laterally
into the face of soil pits and removing a 3- by 15-cm soil core. All
samples were sealed in tared plastic bags immediately after col-
lection, weighed wet, and reweighed after drying at 100°C. Litter
samples for each site were composited for laboratory gamma-emitter
analysis. The soil-density cores were not composited, and three
separate density measurements per site were averaged to yield a soil
density for each site. The laboratory samples were assayed by Ge(Li)
gamma spectrometry using a standard Marinelli geometry. Counting
errors for laboratory samples ranged from 10 to 20% of the sample
count rate. The minimum detectable level was established as a count
rate two standard deviations above the actual sample continuum.

The in situ measurements resulted in a single concentration value
for each gamma emitter detected at each site. Laboratory measure-
ments of soil resulted in five concentrations for each gamma emitter.
A single laboratory concentration for each gamma emitter was
obtained for each site by averaging concentrations over soil depth.
The treatment for 1 3 7Cs in soil differed since the in situ measure-
ment was in units of picocuries per square centimeter. Laboratory
estimates of 1 3 7Cs in soil were converted to picocuries per square
centimeter by correcting each soil segment for its density and
summing over the 25-cm depth. Gamma-emitter burdens by site were
calculated for soil and litter. For soil, the gamma-emitter concen-
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trations per 5-cm soil depth were corrected for dry soil density,
summed over a 25-cm depth, and converted to nanocuries per square
meter for each site. Litter burdens were expressed as nanocuries per
square meter. The 137Cs burdens of scrub oak forest leaf and wood
were estimated for one site at which there were measurements of tree
density, leaf and wood biomass per tree, and 1 3 7Cs concentrations
for composited leaf and wood tissues (Ragsdale and J. M. Croom,
unpublished data).

Statistical treatments consisted of means and standard errors or
averages and ranges where appropriate. One-way analysis of variance
was used for statistical comparisons (Steel and Torrie, 1960), and
nonlinear regression analysis was used to estimate parameter values
for a predictive soil-density equation.

RESULTS AND DISCUSSION

The litter—herb biomass of the old-field stations averaged
430 e/m2, about one-half the average litter layer of the forest
stations (920 g/m2) (Table 1). Moisture of the litter-herb samples
for old fields (59%) was twice that for the forest stations (26%).
Much of the litter—herb samples from old fields consisted of living
biomass, but the forest sites had little herbaceous biomass.

An arbitrary predictive equation for soil-density values was
developed with the use of the single process law (Turner, Monroe,
and Lucas, 1961). The dry soil densities for both community types
were expressed by the equation

/t)5 (1)

where Y = estimated soil density (g/cm3)
a = lower asymptote (2 g/cm3)
0 = scale factor (g/cm4)

Xi = soil depth (cm)
H = upper asymptote (cm)
S = dimensionless proportionality factor

The numerical estimates for parameters in Eq. 1 are given in the
footnotes to Table 1. The measured dry soil densities for the
midpoint of 5-cm intervals (Table 1) show 20% greater soil density
for the old fields than for forests. For both community types there
was generally an increase of a factor of two in soil density from the
surface to 30 cm. There was excellent agreement between measured
and predicted soil densities (Table 1). Soil moisture (Table 1) was
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TABLE 1

LITTER-HERB BIOMASS, MOISTURE, AND SOIL DENSITY
THROUGH THE WILLISTON-BARNWELL-ALLENDALE

TRANSECTS, SOUTH CAROLINA

Litter—herb biomass, g/tn2

Litter—herb moisture, %
Measured dry soil

density, g/cm3,
at intervals of

5 cm
10 cm
15 cm
20 cm
25 cm
30 cm

Estimated dry soil
density, g/cm3,
at intervalst of
5 cm

10 cm
15 cm
20 cm
25 cm
30 cm

Soil moisture, %

Old field*

Sample
number

45
45

3
8
8
8
8
8

54

S + SE

426 ± 23
59+1

0.89 ± 0.07
1.21 ± 0.06
1.38 ± 0.06
1.61 + 0.06
1.67 ± 0.08
1.77 ± 0.05

0.90
1.22
1.44
1.58
1.67
1.74
5.3 ± 0.2

Sample
number

45
43

8
8
8
8
8
8

48

Forest*

i ± S E

920 ± 58
26 ± 2

0.73 ± 0.04
0.97 ± 0.04
1.13 ± 0.05
1.20 ±0.07
1.33 ±0.05
1.39 ± 0.06

0.71
0.97
1.14
1.27
1.36
1.44
7.0 ± 0.4

*The abbreviation SB is standard error.
tThese densities were estimated from Y * a + /? (Xi — nf

where, for old fields, a = 2 g/cm3

0 = -9841 g/cm4

Xi = soil depth (cm)
II * —31cm
6 =—2.59

and, for forests, a = 2 g/cm3

f}~—52 g/cm4

Xi- soil depth (cm)
p = —22 cm
S - —1.16

The least squares optimization program determined Hie parameter values with
n » 40 for old fields and n - 35 for forests. Alpha, a, was set at 2 g/cm3 for an
upper soil density value.
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constant within a site to a depth of 30 cm. There was no statistical
difference (P > 0.05) between the 0- to 10-cm and 10- to 30-cm soil
depth intervals of either community type or among stations within a
community type. The 7% soil moisture of the forest stations was
significantly different (P < 0.05) from the 5% soil moisture of
old-field stations, however.

The detection frequency for laboratory gamma-emitter analysis
of soil and for the in situ samples showed 100% detection of
uranium, thorium, and l 3 7 Cs for the 18 forest and old-field sites
(Table 2). Potassium-40 was detected at all sites by in situ analysis, in
only 15 of the laboratory soil samples, and in 10 of the laboratory
litter—herb samples. For uranium and thorium in litter—herb
laboratory samples, the detection frequency was about 66%. Hence,
the detection frequency for these long-lived gamma emitters was
equally good by either in situ or laboratory soil analysis. For
laboratory analysis of the litter—herb layer, the results were variable,
with 50% or more detection, except for forest litter 4 0K.

Two gamma emitters, 1 2 s Sb and 1 S 5Eu, were not found by in
situ analysis, but both were quantified by laboratory analysis in
about half the soil and litter—herb samples. The laboratory results
for 1 2 SSb were just barely detectable. For l s s E u , the low energy
(105 keV) was buried in the in situ continuum, and the laboratory
values were just detectable.

Beryllium-7 was detected in all in situ and laboratory litter—herb
samples and, as expected, was not detected in any of the laboratory
soil samples. There was 100% detection of 1 4 4Ce in laboratory
litter—herb samples, but it was not detected in laboratory soil
samples and was detected at only four old-field—forest sites by in
situ analysis. The lack of in situ detection is related to the low energy
of ' 4 4Ce (134 keV), which, like that of *s s Eu, was buried in the in
situ continuum.

Ruthenium—Rhodium-106 were not detected in laboratory soils
and were found only twice by in situ analysis. In comparison,
106Ru—Rh were present in half the laboratory litter-herb samples,
but the quantified values were near detection limits. Two gamma
emitters, 9 s Zr and ' s Nb, were found only by in situ analysis. They
were not found in laboratory analyses because of their short
half-lives and the long processing times required in the laboratory.

Comparing the detection frequencies of the two analytical
methods illustrates that each method has potentially significant
limitations. If the gamma energy is low, the gamma emitter may be
lost in the in situ continuum and may not be detected. Thus, for
gamma emitters near detection limits, the in situ method was inferior



TABLE 2

FREQUENCIES OF GAMMA-EMITTER DETECTION BY SITE AND METHOD

Number of samples with detectable gamma emitten

Gamma emitter*
detected

Gamma emitter
half-life

Sample
number for

each method
of analysis

Old field Foicit
Laboratory Laboratory

Litter Soil In aitu Litter Soil In situ

3)
>

8

I
m
9

8

I
a

U series
Th series
40tf
>»Cs

10?
144

Ru-Rh
Ce

"Zr
" N b

10* years
101<r years
10* years
30 years
2.7 years
54 days
368 days
284 days
1.8 years
2.05 years
66 days
35 days

9
9
9
9
9
9
9
9
9
9
9
9

Total number of
gamma emitters
detected

6
7
9
9
1
9
1
9
1
1
0
0

10

9
9
8
9
1
(j

0
0
3
0
0
0

9
9
9
9
0
9
1
2
0
3
6
6

10

5
5
1
9
6
6
8
9
7
2
0
0

10

9
9
7
9
2
0
0
0
4
0
0
0

9
9
0
9
1
2
0
2
4
6

10
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to laboratory analysis. The laboratory method was inferior to in situ
analysis for gamma emitters with short half-lives. The in situ analysis
also resulted in greater detection frequencies for naturally occurring
radionuclides.

The in situ measurements of old-field and forest gamma-emitter
concentrations and the parallel laboratory analysis of old-field and
forest soils were tested for statistical differences within each of the
two analytical methods. There were no statistical differences
(P > 0.05) between old fields and forests, among sectors by old field
and by forest, or among transects by forest and by old field. Hence,
the gamma-emitter concentrations for forests and old fields were
composited according to type of gamma-emitter analysis (Table 3). A
comparison of in situ and laboratory mean concentrations in soil
(Table 3) showed excellent agreement between the two methods.
The standard errors ranged from 5 to 14% of the means, and all but
two standard errors were below 10% of the means.

The gamma-emitter concentrations of old-field and forest litter-
herb samples were similar (P> 0.05) except for 4 0K, l 3 7 Cs, and
1 4 4Ce (Table 3). Potassium-40 was detected in litter-herb samples
for all old-field sites but for only one forest site. The 1 3 7Cs
concentration in forest litter—herb samples was 5 times as great as
(P< 0.05) that for old fields, and the 1 4 4Ce concentration in the
forest litter—herb layer was also greater (P < 0.05) than in the
old-field litter—herb layer.

Although the in situ and laboratory soil concentrations were in
agreement, 1 3 7 Cs concentrations determined in situ in old-field soil
underestimated the laboratory-determined ' 3 7 Cs concentrations by
a factor of two. The in situ technique requires an assumption of soil
depth distribution for each gamma emitter. In both old fields and
forests, and before laboratory analyses, it was usually assumed that
1 3 7Cs concentration decreased logarithmically with increased soil
depth. This assumption was correct for forest soils (Fig. 2), but the
1 3 7 Cs distribution in old-field soils varied from uniform to loga-
rithmic, with no consistent pattern among old-field sites (Fig. 2).

The erroneous in situ results for 1 3 7Cs concentrations in old
fields illustrate the magnitude of error introduced by an inap-
propriate assumption of the depth distribution of a gamma emitter.
Although the result for old fields was not necessarily unexpected., the
laboratory analyses showed that there was no predictability of depth
distribution for old fields. Hence, the old-field systems, otherwise
attractive in situ sample sites, are generally unsuitable for in situ
analysis of gamma emitters that do not have uniform distributions in



TABLE 3

IN SITU AND LABORATORY CONCENTRATIONS FOR GAMMA EMITTERS*

Gamma emitter

iUp b

"«Ra
232Th
« K
»sZr
9 ^ b
l0*Ru-Rh
l l s S b
137Cs
144Ce

In situ
Sample
number

18
11
18
18
10
12
2
0
9
0
0

concentrations

x +SE

0.58 ± 0.06
1.05 ±0.14
0.61 ± 0.07
0.38 + 0.03
0.04 ± 0.01
0.07 ± 0.02

1.6 NC
ND

11.9$ ± 0.5
ND
ND

Sample
number

18
15
18
15
0
0
0
0

18
0
0

Laboratory

Soil

x + SE

0.63 + 0.04
1.02 ± 0.09
0.59 + 0.06
0.23 ± 0.02

ND
ND
ND
ND

10.0 ± 0.6
ND
ND

concentrations

Litter-herb
Sample
number

11
5

18
9
0
0
9
7

18
18
8

x + SE

0.24 ± 0.03
0.25 ± 0.05
0.24 + 0.02
5.2t ± 0.7

ND
ND

0.74 ± 0.11
0.24 ± 0.03
1.5§±0.3
2.9H ±0.2
0.19 ± 0.02

i
g
|
zm
p

8w
i -m

1
5LM

S

•The abbreviation ND is nonde tec table; NC is not calculated; and SE is standard error. All litter—herb
values and the in situ and laboratory soil concentrations for 2 l 4Pb, 226Ra, 2 3 2Th, and 40K are in
picocuries per gram. All other values are in picocuries per square centimeter.

tThis mean is for old fields. Potstiium-40 wu detected only once in forest litter—herb samples.
$This mean is for forests. In situ concentrations determined for ' 3 7Cs in old fields were inaccurate.
§The t 3 7Cs concentration for forests, 2.5 ± 0.3 pCi/g (n - 9), was significantly higher (P < 0.05) than

that for old fields, 0.52 ± 0.09 pCl/g (n - 9).
f The i 4 4Ce concentration for forest litter, 3.6 ± 0.3 pCi/g (n - 9), was significantly higher (P < 0.05)

than that for old fields, 2.2 ± 0.2 pCi/g (n - 9).
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3.0 r

10 15 20 25 0 5
SOIL DEPTH, cm

Fig. 2 Depth-distribution profile for 137Cs at the forest (a) and
old-field (b) counting sites. Least squares fits are shown for forests;
actual data points are shown for old fields.

the soil column. Results for other gamma emitters with exponential
or planar distribution would also be expected to be erroneous.

If the determination of surface gamma-emitter concentration is
important, in situ measurements may not be applicable. As indicated
by our results, the differences in surface concentrations of 1 4 4Ce
and 1 3 7Cs were not detected by in situ analyses even though the
1 3 7Cs concentration of the forest litter-herb layer was 5 times as
great as that of the old-field litter—herb layer. The presence of *3 7 Cs
in the soil obscured that difference. There was no 1 4 4Cein the soil,
and laboratory analyses of the litter—herb layer showed a significant
difference in concentrations between old fields and forests.

The litter—herb gamma-emitter burdens were up to two orders of
magnitude lower than those for the soil (Table 4). Since the
composite litter-herb biomass of old fields was half that of forests, a
factor of two greater concentration between forest and old-field
litter—herb concentrations represents only a biomass difference.
There were community-type differences of factors of 10 and 6 for
1 3 7 Cs and * * * Ce, respectively, with greater burdens in the forest.



TABLE 4

GAMMA-EMITTER BURDENS OF SOILS (0 to 25 cm) AND LITTER*

Gamma
emitter

40 K +
l 3 7 C i
1 4 4Ce
J14pb
I 3 2 Th

Soil*

Old field
Sample
number

30
9
0
9
9

x ± S E

88
104 ± 10

ND
187 ± 14
190 ± 17

Foreit

Sample
number

14
9
0
9
9

x±SE

65
90 ± 5

ND
137 ± 16
167 ± 30

Litter-herb

Old field

Sample
number

9
9
9
6
7

x ± S E

2.2 ± 0.4
0.21 ± 0.03
0.46 ± 0.10
0.12 ± 0.03
0.12 ± 0.02

Foreit

Sample
number

9
9
5
5

x ± S E

2.3 ± 0.0
2.5 ± 0.3

0.18 ± 0.06
0.19 ± 0.04

•Values are In nanocuriei per square centimeter. Abbreviation* are SB, standard error, and
ND, nondetectable. Blank space* indicated that values were not reported or not calculated.

tPotasiium-40 was not uniformly detected in all tamplec, and comparable meant and
standard error* could not be calculated. For foreit litter—herb samples, 4 0 K wa* detected only
once, and the value is not reported. Where an x is reported without a standard error, it
represents an average of unpooled subsamples.
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The burdens of naturally occurring gamma emitters in forest soils
were about 20% lower than those in old-field soils (Table 4). For
naturally occurring radionuclides, the concentrations were similar
between communities (Table 3). The forest soil density was 20%
lower than that of old-field soils, however, and this soil density
difference explains the lower burdens for forest soils. It is hypoth-
esized that the soil-density differences between communities reflect
the effect of the plant communities or land use on the soil density.
Hence, soil burdens for naturally occurring gamma emitters would be
different where the soil density was altered.

The situation for naturally occurring radionuclides is contrasted
to that for fallout gamma emitters deposited on the soil surface. The
unit-area burdens between communities for *3 7 Cs should be similar,
but there was a 14 nCi/m2 difference in 13 7 Cs concentrations for
old-field and forest soils. The forest litter burden, 2.3 nCi/m2

(Table 4), reduces the difference between old-field and forestJ 37Cs
burdens to 12 nCi/m2.

To account for the lower estimate for forests, we calculated the
1 3 7 Cs burden of turkey oak tree wood and leaves for one intensively
studied site where leaf and wood biomass and * 3 7Cs concentrations
were estimated in 1975 (Ragsdale and J. M. Croom, unpublished
data). The composite budget (Table 5) showed that the I 3 7 Cs
burden of leaf and wood components was 12 nCi/m2, or about 11%

TABLE 5

CESIUM-137 BURDEN IN COMPOSITE SCRUB
OAK FOREST* IN 1975

Forest
component

Leaff
Woodt
Litter
Soil

5-cm depth
10-ctn depth
15-cm depth
20-cm depth
25-cm depth

Total burden

Number of
sample* (sitei)

1
1
9

9
9

. 9
9
9

137C« burden,
nCi/m2

(5 + SE)

1.3
10.6

2.3 ±0.04

55.7 ± 3.8
13.6 ± 1.6

5.2 ± 0.6
5.7 ± 0.6

10.1 + 2.2
104.5

I37C« burden.
% of total

1.2
10.1

2.2

53.3
13.0
5.5
5.5
9.7

100.0

*Blank spaces indicate values that could not be calculated,
f From Ragsdale and J. M. Croom, unpublished data.
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of the total I 3 7Cs burden. A significant fraction of the l 3 7 Cs in
these forests is in the aboveground biomass. These results showed
that 137Cs budgets for old fields and forests were brought to
numerical agreement when the forest tree and leaf values were
included in the forest ' 3 7Cs budget. The old-field and forest burden
estimates by laboratory analysis are in good numerical agreement
with the • 3 7 Cs burden (119 ± 5 nCi/m2 ) estimated for forests by in
situ analyses (Table 3).

Potential uses of in situ spectrometry in terrestrial environmental
assays include (1) quantifying gamma-emitter distributions and
concentrations around nuclear facilities, (2) locating unusual deposits
of gamma emitters after accidental release, and (3) detecting small
but significant increases in gamma-emitter concentrations for early
warning systems. Each use is different, and our results suggest some
appropriate considerations for each application.

The quantification of gamma-emitter distributions and concen-
trations around a nuclear facility can be made on a comparative
basis. As we demonstrated for the turkey oak system, which is
representative of a mature undisturbed ecosystem, the parameters
critical to in situ calculations (i.e., soil density, soil moisture, and
gamma-emitter distributions) tend to be similar among replicate
systems. Given the numerous variables operating in different ecologi-
cal systems, quantification of gamma emitters in the environment
around a nuclear facility should proceed by analysis of similar plant
communities on reasonably simflar soils, e.g., the procedure followed
in this study. The simple expediency of selecting similar ecological
systems should at least ensure comparable results suitable for
detection of landscape gradients or differences. Further, as demon-
strated in this study, accurate results can be obtained by in situ
analysis.

Unusual environmental concentrations of gamma emitters after
accidental release could be documented by in situ analysis. The
old-field systems would be superior ecological sampling systems since
all the deposition would be at the soil surface. Other considerations
are necessary. The expected magnitude of deposition, the existing
radionuclear burdens, and the gamma energies would be significant
variables in electing in situ analyses. In some cases laboratory analysis
of collected samples may be a superior method.

Finally, the in situ system can be used to detect small increases in
gamma-emitter concentrations in marked, undisturbed sites with
similar biogeochemkal cycling. Selection of mature systems, such as
the scrub oak system described in this study, and accurate relocation
of counting areas provides a method for detecting small changes in
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the gamma-emitter burdens independent of any additional cali-
bration procedures.

The application of in situ spectrometry in the southeastern
coastal plain differs from its application in the southwestern United
States primarily because of differences in the kinds of ecological
systems and the variety of systems found in the southeastern United
States. Our comparison of old-field and forest systems showed
excellent agreement between laboratory and in situ concentration
results for soil—litter systems except for *3 7 Cs in old fields, where
the criterion of exponential distribution in the soil was not met. The
I 3 7 Cs burden for forests estimated in situ was in reasonable
agreement with laboratory results even though a significant fraction
of the I 3 7 Cs was in the tree wood and canopy. Exist Ag surface
concentrations and concentration differences in gamma emitters of
the litter—herb layer were not detected by in situ analyses because of
low gamma energies, the presence of the gamma emitters in the soil,
and low environmental concentrations. Although the diversity of
ecological systems and associated chemical-element cycling regimes
in the southeastern United States presents complications for the use
of in situ spectrometers, we concluded that, within specified limits
and with careful selection of replicate ecosystems, the in situ
technique can be used for comparable and probably accurate
determination of gamma emitters in a variety of studies around
nuclear facilities.
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POTENTIAL ENVIRONMENTAL EFFECTS
ASSOCIATED WITH BRACKISH WATER COOLING
TOWERS AT CHALK POINT, MARYLAND

C. L. MULCHI,* D. C. WOLF,* J. E. FOSS,* J. A. ARMBRUSTEE,*
C. R. CURTIS.t and G. ISRAELI
""Department of Agronomy, f Department of Botany, and {Department of
Meteorology, University of Maryland, College Park, Maryland

ABSTRACT

The departments of agronomy, botany, and meteorology at the University of
Maryland initiated a 10-year research and monitoring program to assess the
effects of saline aerosol drift from natural-draft cooling towers at Chalk Point,
Md., on the crops, soils, and native plant species in the area. Twelve research
sites ~0.16 ha in area were established in 1973 at distances 1.6, 4.8, and 9.6
km in four directions (north, east, south, and west) from the towers. Base-line
information on dust-fall particulates (Na* and Cl" deposition), precipitation (Na*,
Cf, and pH values), and ambient SO2 levels was collected on a monthly basis for
24 months before tower operations were initiated in 1975. Also, chemical and
physical properties of soils at the sites were examined, and the growth and
chemical content of six agricultural crop species were determined during the
preoperational period. One year of postoperational data on these parameters
have been collected and analyzed. In general, no substantial changes in any of
the parameters being monitored were observed during the first year of tower
operation at Chalk Point.

The fate of saline aerosol drift upon exit from cooling towers is
highly complex. Some of the major considerations are illustrated in
Fig. 1. The problems become more complex if we consider possible
interactions between stack emissions and the cooling-tower plume.
Depending on prevailing meteorological parameters, emissions from
the power-plant—cooling-tower complex may be deposited directly
on adjacent soils or vegetation or may be transported over long
distances. The effects of long-term deposition on the agricultural and
native species in the area are unknown. Evaluation of the impact of

329
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deposition is compounded by meteorological variables and a lack of
reference data on such factors as the dispersion of cooling-tower
plumes, the effects of saline aerosols on vegetation in noncoastal
environments, and the interaction of salt ions with the chemical,
physical, and microbiological properties of soils in an east coast
environment.

i ^ LONG-
RANGE
TRANSPORT

ADSORPTION

ROOT
ABSORPTION

LEACHING

Fig. 1 Schematic illustration of the fate of cooling-tower drift and
other emissions from power plants in the environment.

The program initiated by the University of Maryland in 1972 to
characterize the effects of the cooling towers at Chalk Point is broad
in scope. It encompasses a study of the meteorology of the area and
the behavior of cooling-tower plumes from natural-draft towers and
investigations of the soils and agricultural and native species
surrounding the towers. For more details on the meteorology
program, the reader is referred to articles by Israel and Overcamp
(1973; 1975). The botany program, as detailed by Curtis, Gauch, and
Sik (1973;. 1975) and Curtis, Lauver, and Francis (1976; 1977),
developed base-line foliar Na+ and Cl~ data for local native tree
species in stands growing near the power plant. Field test plots were
prepared for all 1.6-km sites and two 9.6-km sites for biological
monitoring in conjunction with the agronomy program (Fig. 2).
Also, independent field spray studies involving saline aerosols were
performed on selected woody species (Curtis, Lauver, and Francis,
1976).
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Fig. 2 Area map indicating locations of the 12 field research sites in
relation to the Chalk Point cooling towers in southern Maryland.

The objectives of the agronomy program are: (1) to characterize
the physical and chemical properties of soils in the area surrounding
the power-plant complex to obtain a base line of potential pollutants
and information for site evaluation, (2) to monitor fallout from the
power-plant complex and the level and movement of such materials
in soils, (3) to study the possible effects of fallout on the physical,
chemical, and biological properties of soils, and (4) to study the
effects of fallout on the quality and productivity of major crops
before and after operation of the cooling towers at Chalk Point. The
response of agricultural species to controlled levels of saline aerosol
mist is also being investigated (Mulchi and Armbruster, 1975; Mulchi
etal., 1976a; 1976b).
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MATERIALS AND METHODS

Chalk Point Cooling Towers

The Chalk Point Generating Station, which is located ~65 km
southeast of Washington, B.C., on the Patuxent River in south-
eastern Prince Georges County, Maryland, is operated by Potomac
Electric Power Company. Generating units 1 and 2 are coal fired, are
rated at 330 MW(e) net, and use once-through cooling. Units 3 and 4
are oil fired, are rated at 630 MW(e) nominal net, and use two
cross-flow, natural-draft, hyperbolic cooling towers to dissipate waste
heat. Unit 3 was certified for operation in July 1975, and unit 4 is
under construction. The cooling systems for units 3 and 4 are closed
cycle, drawing brackish water from the Patuxent River, passing it
through the power plant, and cooling by circulating it through the
natural-draft towers. The cooling towers are 120 m high, with a basin
diameter of 105 m, at throat diameter of 48.6 m, and a circulation
rate of 990,000 liters/min.

The data in Table 1 illustrate the variations in salinity and water
quality of the Patuxent River at Chalk Point throughout the year.
The concentration of dissolved solids, a measure of salinity, varies
from 3,000 to 13,900 ppm, with an average of 7,800 ppm. Because
of evaporation, the salinity of the water in the tower is concentrated
by a factor of ~2.0 and is controlled by the blowdown rate or the

TABLE 1

SELECTED CHEMICAL DATA* FOR THE
PATUXENT RIVER

Property

pH
Conductivity, /imho/cm
Total solids, ppm
Dissolved solids, ppm
Calcium hardness, ppm
Hardness as CaCO3, ppm
Alkalinity as CaCO3, ppm
Chloride, ppm
Iron as Fe, ppm
Total manganese, ppm
Silica, ppm
Chloride demand, ppm

Average

7.13
11,850
7,830
7,800

250
1,650

43
4,600

1.8
0.22
4.5
1.7

Ranfe

6.6-8.1
6,000-22,300
3,000-14,000
3,000-13,900

105-570
800-3,300
28-95

2,100-7,400
0.12-9.65
0.10-2.3
1.0-7.7
1.0-3.2

*From Ungemach, 1971.



BRACKISH WATER COOLING TOWERS 333

release of heated water into a cooling canal that empties into the
river. A fraction of the circulating water passing through the tower
escapes out the exit port in the form of small droplets known as
drift. The maximum rate of drift loss has been set at 0.002% of the
circulating flow rate (Pell, 1975a; 1975b). Because of the salinity of
river water, the drift leaving the tower takes the form of a saline
aerosol. The salinity of the drift droplets is a reflection of the salinity
of the water within the tower, which is generally twice the salinity of
the river water.

Field Research Sites

Permanent research and monitoring sites were established in
1973 in an effort to minimize variation and to establish a systematic
program for data acquisition for dust fall, crops, and soils over
multiple years and locations. The sites are to be maintained under
che total control of the research staff. The study was planned to span
~10 years or to continue for several years after unit 4 of the power
plant begins operation. On the basis of estimates prepared by the
meteorology program for annual drift depositions per tower (Israel
and Overcamp, 1973), a field design was selected, with sites at
distances ~1.6, 4.8, and 9.6 km north, east, south, and west of the
towers (Fig. 2). Such a design permits the data to be examined over
both distances and directions from the towers. The 12 research sites
were selected from aerial photographs, soil-survey reports, and
on-site field inspections.

The field sites, which are leased on an annual basis, are ~0.16
ha in area and are fenced to restrict entry by animals and
nonauthorized individuals. Each site was partitioned into plots for
agricultural species, botanical species, and soils research. Three dust
collectors, three sulfation plates, and a rain gauge were installed at
each site in the spring of 1973.

Individual plots were established for research involving crops,
soils, and native species. The major agricultural crops of interest were
tobacco (Nicotiana tabacum L.), corn (Zea mays L.), soybeans
(Glycine max Merrill), wheat (Triticum aestivum L.), oats (Avena
sativa L.), and barley (Hordeum vulgare L.). For tobacco, corn, and
soybeans, three replicates of plots 4.8 by 7.6 m provided ample plant
material for determining both agronomic and chemical characteris-
tics. The small-grain plots were divided into three subplots 1.6 by 7.6
m in size. The border areas were planted in tall fescue grass (Festuca
arundinacea Schreb.) to reduce dust and site maintenance and to
provide a continuous source of vegetative material. The botany
program included plantings of selected tree species. Four tree sites
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are located in all the 1.6-km sites and the north and south plots in
the 9.6-km sites (Fig. 2).

Dust-Fall Information

The first of each month, three dust-fall collectors containing 2
liters of demineralized distilled water were placed at each research
site (Fig. 2). The first of the following month the collectors were
replaced and returned to the laboratory for analyses. Insoluble
particulates were removed by vacuum filtration through preweighed
Whatman No. 41 filter paper (W & R Balston, Ltd.). After overnight
drying of the filter papers at 105°C, the participate weights were
determined and expressed as grams per square meter per month. The
volume of liquid in the dust fall was determined during filtration,
and a 1-liter sample of filtrate was kept for analyses. The Na+ and Cl~
contents were determined in the University of Maryland Soil Testing
Laboratory by Technicon Autoanalyzer techniques (Bandel and
Rivard, 1975).

Precipitation and Sulfur Dioxide

The rain gauges have a 10-cm funnel that empties into an inner
tube calibrated at 0.25 mm to 2.5 cm. The inner-tube overflow gives
the gauge a 25-cm capacity. The gauges were checked several times
monthly, and accumulative amounts were recorded. Beginning in the
fall of 1974, samples of rainwater were analyzed for pH and for Na+

and Cf concentrations. To improve the accuracy of the measure-
ments, we cleaned and rinsed the gauges with distilled water on a
regular basis.

The sulfation plates were 4.8-cm plastic petri dishes containing a
mixture of lead dioxide and gum tragacanth and glass-fiber filters.
The plates were exposed to the atmosphere in an inverted position
for ~30 days and were then capped and returned to the laboratory
for analysis (Mulchi et al., 1976b). The sulfur dioxide was expressed
as milligrams of SO3 per 100 cm2 per day.

Ssiis Information

During the site-selection procedures, major emphasis was placed
on selecting uniform soils with good drainage properties. It was also
important that the soils be representative of southern Maryland and
yet meet the location requirements (Fig. 2). In the case of site 1-N,
the distance from the towers was the overriding factor.

One soil pit was excavated at each site for the purpose of making
detailed profile descriptions and chemical analyses. Duplicate soil
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samples were taken from each pit to a depth of 100 cm in 10-em
increments. Samples were also collected and analyzed from each soil
horizon in the respective profiles. Samples from both soil columns
and soil profiles were analyzed for pH and extractable Mg, Ca, K, P,
and Na using 0.025AT H-SO4 and 'S.05JV HC1 as the extractant
solutions. Particle-size analyses were peiformed on the samples from
the profiles (Mulchi et al., 1976b).

An area 9 by 9 m in size was established at each research site
which will remain undisturbed throughout the project. Soil samples
taken from these areas each May are analyzed for various chemical
components to determine whether the operation of the cooling
towers is affecting the chemical and physical properties of the soils in
the area. Nine sample cores were taken at the 0- to 15-cm and 45- to
60-cm depths at each site in 1973,1974, and 1975. The core samples
were analyzed for pH and extractable (by 0.025N H2SO4 and
0.05N HC1) Mg, P, K, Ca, and Na by Technicon Autoanalyzer
methods (Bandel and Rivard, 1975). Soil samples from four
replicates at each site, at the 0- to 15-cm depth, have been analyzed
for NH4—N, NO3—N, and electrical conductivity, which is a measure
of total salts in the soil. The samples will also be analyzed for Cl~ and
organic matter.

Agricultural Crops Information

When the individual research sites were established, soil samples
were taken, and the fertility levels were adjusted with low Cl" sources
of fertilizer materials in accordance with soil-test recommendations
for Maryland tobacco. The areas for soils research and native species
were excluded in the fertility adjustments. In subsequent years
individual plots were fertilized with low Cl~ materials in accordance
with soil-test recommendations for the particular crops being grown,
including the fescue border areas.

Corn and soybeans were planted in five-row plots in May, and
tobacco was planted in four-row plots in June of each year, with
rows 1 m apart. Varieties selected were Pioneer 3369A corn, York
soybeans, and Md. 609 tobacco. The corn and soybean seeds were
purchased from commercial sources, and the tobacco plants were
supplied by the Tobacco Experimental Farm, Upper Marlboro, Md.
Established cultural practices were followed throughout the growing
season. The small-grain plots were planted in the fall, with each crop
having five rows 30 cm apart. The small-grain varieties selected were
Arthur 71 wheat, Compact oats, and Rapidan barley; seed came from
commercial sources.
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The three center rows (two in tobacco) in each plot were used
for sampling and yield determinations. Vegetative samples were
collected from each crop species at the time of flowering or heading
and from three designated areas in the fescue borders approximately
every third month after seedling establishment. The samples were not
washed but were simply dried in a forced-air oven at 70°C, ground in
a Wiley mill, and stored in glass containers. Investigators taking
vegetative samples wore plastic gloves.

After HNO3—HCIO4 digestion, the vegetative samples were
analyzed for P, K, Ca, Mg, and Na contents by Technicon
Autoanalyzer techniques (Bandel and Rivard, 1975). Tissue Cl~ levels
were determined by a potentiometric titration technique (LaCroix,
Keeney, and Walsh, 1970).

RESULTS AND DISCUSSION

Dust-Fall Information

Table 2 summarizes means, ranges, and standard deviations for
monthly dust-fall particulates, sodium and chloride contents, and
sulfur dioxide levels, averaged over all 12 locations for 24 months
before and 12 months after the initiation of cooling-tower operations
at Chalk Point.

The monthly particulate data were quite variable throughout the
36 months of monitoring, especially during periods of heavy
construction activity at the power-plant complex, as indicated by an
estimated coefficient of variation of 95.1% for the preoperational
period. After unit 3 began operation, the average monthly particulate
deposition rate decreased by ~40% from 3.49 to 2.55 g m~2

month"1. Also, the monthly particulate data for the first year of
cooling-tower operations were less variable, having a coefficient of
variation of 67.9%. The periods of highest particulate deposition
normally occurred in the summer months of each year. The research
sites in the 1.6-km radii and in a northern direction received the
highest particulate deposition during both preoperational and post-
operational periods.

The average monthly dust-fall sodium and chloride results
(Table 2) for the preoperational and postoperational periods indicate
that no substantial changes occurred in the rates of salt deposition
after Hie cooling tower began operations. These results may be
somewhat misleading, however, considering that the unit 3 tower
did not operate for long periods of time because of mechanical and
operational problems.
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TABLE 2

MEAN, RANGE, AND STANDARD DEVIATION ESTIMATES
FOR MONTHLY DUST-FALL PARTICULATE MATTER,

SODIUM AND CHLORIDE CONTENTS, AND SULFUR DIOXIDE
MEASUREMENTS AVERAGED OVER ALL FIELD RESEARCH
SITES BEFORE AND AFTER COOLING-TOWER OPERATIONS

BEGAN AT CHALK POINT

Mean
Range*
Standard

deviationf

Mean
Range*
Standard

deviationf

Participate
matter,
gm"2

month'1
Sodium,
mgnf2

month'1

Chloride,
mgm"2

month"1

Sulfur
dioxide,

mg SO3 100
cm"2 day"1

Preoperatioiul Period (April 1973 to April 1975)

3.49
1.39-5.69

3.32

36.5
15.2-79.5

12.0

67.1
13.8—189.5

22.2

0.255
0.106-0.528

0.076

Postoperational Period (May 1975 to April 1976)

2.55
0.48-6.59

1.13

28.1
15.4—43.7

4.4

56.8
20.6-87.6

10.1

0.227
0.126-0.337

0.032

'Range for monthly means.
t Average for monthly standard deviation values.

The apparent reductions in the rates of sodium and chloride
deposition during the first year of cooling-tower operations (from
36.5 to 28.1 mg m~2 month'1 for sodium and from 67.1 to 56.8
mg"2 month"1 for chloride) can be associated with abnormally low
salt deposition during March and April of 1976 in comparison with
the two previous years. The months of highest salt deposition have
been observed to correspond with the months of high winds,
particularly in the spring. The ratios of sodium to chloride in the
dust collectors (1 :1.84 and 1 : 2.02 for the preoperaticnal and
postoperational periods, respectively) appear very close to the
sodium-to-chloride ratio in the river water (1 :1.80); this suggests
that much of the sodium and chloride observed could have come
from the estuarine environment. Additional support for the concept
that the sodium and chloride may have been deposited together is in
the regression coefficients (r••• 0.86 and 0.90 for preoperation and
postoperation, respectively) obtained by comparing the monthly
sodium and chloride means. Suggestions that the dust-fall sodium
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and chloride may be associated with sources other than the estuarine
waters are somewhat refuted by the low regression coefficients for
comparisons of participate means with either sodium (r = 0.01) or
chloride (r = 0.13) values during the preoperational phase. The sites
along the river (Fig. 2), however, consistently failed to demonstrate
higher sodium and chloride values during the 36 months of
monitoring, as we might expect, assuming that the local estuarine
environment was the primary source of ambient salts. The low
coefficients of variation for both sodium and chloride during both
periods (calculated from Table 2) indicate that the salt-deposition
rates across the 19.2-km diameter region near the cooling towers
were very uniform within a monthly period. From one monthly
period to another, however, the deposition rates may vary greatly, as
evidenced by the wide ranges in monthly deposition rates for both
sodium and chloride. The elevated deposition rates during periods of
heavy winds are consistent with suggestions that wave actions in the
ocean, rivers, and bays are the sources of salt-spray mist in coastal
environments (Hoffman, 1973). The results in Table 2 suggest that
the addition of salts to the environment from the Chalk Point unit 3
cooling tower was insufficient to cause substantial changes above the
background salt-deposition rates during the first 12 months of
operations.

Sulfur Dioxide and Precipitation

Summaries of sulfur dioxide data for the preoperational and
postoperational periods are also given in Table 2. The means and
standard deviations for sulfur dioxide levels during the two periods
overlapped; this suggests that operation of the unit 3 generating
complex had no significant adverse effect on air quality in the region
near the power plant. However, the narrower range of monthly
means of sulfur dioxide levels after unit 3 began operation indicates
that perhaps there were some improvements in air quality during the
postopei îial period. Elevated sulfur dioxide levels were observed
during the winter months. Coal with sulfur contents typically
averaging 1.5 ± 0.5% was used in units 1 and 2 during the period
before the cooling towers began operation. The stack for unit 3 was
equipped with a scrubber for removing pollutants.

Since unit 3 began operation, it has become known that the stack
scrubber, which also uses brackish water, may be releasing salts into
Hie air at rates equivalent to those of the cooling towers. Studies to
estimate the salt contributions from the stacks are under considera-
tion by other groups in the Chalk Point Cooling Tower Program.
Also, questions about potential problems associated with mixing the
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stack gasses from units 1 and 2 with the cooling-tower plumes, thus
forming acid mist, are under discussion.

Summaries of the precipitation records and analyses for sodium,
chloride, and pH before and after cooling-tower operations are given
in Table 3. The monthly rainfall amounts for the preoperational
period were slightly above those observed during the first year of
operation. Since sodium and chloride levels in the precipitation were
similar during both periods, this partially accounts for the lower
deposition of salts noted for the first year of operation (Table 2).
The rainfall sodium and chloride concentrations during both periods
were consistent with data presented by Junge and Gustafson (1957)
for the east coast of the United States. Considering the rainfall
amounts and the ion concentrations found in the rainwater, the
results show that most of the deposition measured in the dust-fall
collectors can be attributed to rainfall washout rather than to dry
deposition.

The rainwater pH averaged 5.65 ± 0.75 for the 8-month period
before tower operations and 5.29 ± 0.72 for the first 12 months of

TABLE 3

MEAN, RANGE, AND STANDARD DEVIATION ESTIMATES
FOR MONTHLY PRECIPITATION AMOUNTS, SODIUM AND

CHLORIDE CONCENTRATIONS, AND pH VALUES FOR
SAMPLES COLLECTED FROM FIELD RESEARCH SITES
BEFORE AND AFTER COOLING-TOWER OPERATIONS

AT CHALK POINT

Precipitation, Sodium, Chloride,
cm/month ppm ppm pH

Preoperational Period (September 1974 to April 1975)

Mean 7.6 0.56 1.28 5.65
Range* 1.6—17.0 0.24—1.33 0.85-2.65 5.20-6.16
Standard

deviationf 2.9 0.24 0.45 0.75

Poitoperational Period (May 1975 to April 1976)

Mean 7.4 0.54 1.28 5.29
Range* 0.30-18.9 0.30-0.86 0.96-1.92 4.15-6.17
Standard

deviation! 2.1 0.28 0.60 0.72

*Range for monthly means.
f Average of monthly standard deviation values.
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operation, with some months averaging as low as 4.15. The low pH
measurements were consistent with results published by Li and
Landsberg (1975), who investigated six rains in the Chalk Point area
over the period from July to September 1973. It is possible that our
data may have been influenced by microbial activity in the sealed
"V stic containers before analysis. In general, however, the standard

ation values for our results overlap the means reported by Li and
Isberg (1975). Both studies show that the operations of the
v-plant complex may be inducing acid rains in the area. The
ange impact of increased rainfall acidity on soils and vegetation
area near the Chalk Point generating complex and the leaching

.' It ions from the soils are of interest. Also, the influence of
i ii t'J acidity on the solubility of heavy metal ions present in
• ah particulates is being investigated in the present studies.

Information

The soils in the region near the towers vary in surface texture
from loamy sand to silt loam. The soil series common to the area
includes Lakeland, Mattapex, Sassafras, Woodstown, Matapeaks,
Westphalia, and Galestown. The 1-N and 1-E sites have deep sandy
soils classified in the Entisols order and Quartzipsamnents great
group. Both sites are located near the river on natural levees or
terrace positions where the soils are coarse textured and do not have
prominent B horizons. Consequently, the soils are excessively
drained and extremely subject to leaching, and their poor moisture-
holding capabilities limit their agricultural productivity.

The remaining ten sites have soils classified in the Ultisols order
or in the Hapludult great group. These soils all have well-developed B
horizons and are well drained. Those at sites 1-S, 6-N, and 6-E have
loam to silt-loam surface textures and are perhaps the least leachable
of any in the 12 sites. The soils classed as Hapludults have good
moisture- and nutrient-holding capacities and generally good agricul-
tural productivity.

Table 4 summarizes some chemical information on the soils
obtained at the research sites before the cooling tower began
operations. The data listed were collected from the 0- to 15-cm
depth and represent the average of three sets of samples collected
each May. Each of the values in Table 4, except those for sites 6-E
and 6-S, was calculated from 27 observations. Except for a few
instances, low standard deviation values were found. The data from
each site were unique and, therefore, are not comparable with data
from other sites in the study. The values reported in Table 4 will
serve as base-line information for postoperation comparisons. The
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TABLE 4

CHEMICAL ANALYSIS AND REACTION OF SOIL SAMPLES
IN UNDISTURBED PLOTS*

Site
code*

1-N
1-E
1-S
1-W
3-N
3-E
3-S
3-W
6-N
6-E1J
6-Sf
6-W

PH
(1 : D

5.1 ±0.1
6.5 ± 0.2
5.5 + 0.1
5.8 ± 0.1
5.8 ± 0.1
5.410.1
5.9 ± 0.2
6.0 ± 0.1
5.6 ±0.1
5.9 ± 0.1
6.1 ± 0.1
6.0 ± 0.3

Mg, ppm*.

67+10
23 + 5
28+6
62 ±6
29 ±5
64 ±15
50 ±5
24 + 3
67 ±14
70 ±8
37 + 9
53 ±15

P, ppm+.

61 ±43
51 ±6
18 ±2
11! ±4
24 ±3
50 ±10
5 + 2

65 ±5
53 + 10
6 ± 1

46 ±8
4 ± 1

K, ppm$

22 ±2
45 ±6
71 ±8
51 ±10
59 ±5
83 ±23
31 ± 5
4<5±8
70 ±13
30 ±5
92 + 24
28 ±22

Na, ppm+.

17 ±2
20 + 2
19 ±2
18 ±2
20 ±2
22 ±3
20 ±2
18 ±2
22 ±3
21 ±2
17+2
21 ±3

Electrical
conductivity, §

//mho/cm

17.7 ± 1.4
24.1 ± 5.7
28.2 ± 2.5
18.5 ± 1.8
22.3 ± 4.3
43.7 ±23.1
17.3 ±1.7
21.8 ± 1.8
33.7 ± 4.7
23.9 ± 3.2
27.8 ± 2.6
20.0 ± 3.6

•Samples were collected at a depth of 0 to 15 cm each May, 1 '-73—1975.
Values are means ± one standard deviation.

tSee Fig. 2 for locations of individual sites.
tParts per million in dry soil; extracted with 0.025AT H2SO4 and 0.05AT HCI.
§ Electrical conduction of salt ions in solution.
51 Not sampled in 197 3.

sodium and electrical conductivity (EC) values, which serve as an
index of soil salinity, were both quite low and were uniform over the
12 sites. These findings will be of major importance in assessing the
salt buildup in future years.

Crop Information and Metabolic Indexes

Means and standard deviations for tissue nutrient contents and
metabolic indexes for the six major agricultural species grown at the
research sites for two seasons before tower operations and during the
first year of operation are given in Tables 5 and 6. The information
for the 2 years before tower operation was combined, thus forming
a base line for comparisons with data for the postoperational period.
Also, the data for each period were combineS over the 12 locations
surrounding the cooling towers. i

The tissue nutrient results in the tAles show no apparent
differences between the preoperational aiwj postoperational periods
which can be attributed to operation of thf cooling towers at Chalk
Point. The most abundant mineral components of the brackish water
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TABLE 5

MEAN AND STANDARD DEVIATION VALUES FOR
NUTRIENT CONTENTS AND METABOLIC INDEXES

FOR TOBACCO, SOYBEANS AND CORN TISSUE
AVERAGED OVER THE 12 RESEARCH SITES BEFORE
AND AFTER COOLING TOWER OPERATIONS BEGAN

AT CHALK POINT, MARYLAND

Mean
Standard

deviation

Mean
Standard

deviation

Mean
Standard

deviation

Mean
Standard

deviation

Mean
Standard

deviation

Mean
Standard

deviation

Nutrient content, % of dry matter

P K Ca Mg Nk Ct

Tobacco: Preoperational Period (1973,1974)
0.25 3.40 2.16 0.90 0.09 0.10

0.02 0.S2 0.57 0.28 0.02 0.06

Tobacco: Postoperational Period (1975)
0.23 3.65 1.66 0.60 0.12 0.09

0.03 0.S5 0.26 0.20 0.01 0.03

Soybean: Preoperational Period (1973,1974)
0.28 1.89 1.40 0.84 0.09 0.06

0.03 0.33 0.31 0.35 0.01 0.03

Soybean: Poitoperational Period (1975)
0.32 1.86 1.34 0.65 0.12 0.03

0.02 0.12 0.26 0.11 0.01 0.01

Com: Preoperational Period (1973,1974)
0.27 2.18 0.51 0.50 0.10 0.16

0.03 0.23 0.11 0.23 0.03 0.06

Corn: Portoperatiooal Period (1975)

0.27 2.24 0.52 0.39 0.10 0.12

0.03 0.14 0.05 0.03 0.01 0.03

Metabolic
index

35.6

8.7

29.7

5.1

29.9

5.1

27.8

3.2

13.9

3.1

16.2

2.0
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TABLE 6

MEAN AND STANDARD DEVIATION VALUES
FOR NUTRIENT CONTENTS AND METABOLIC

INDEXES FOR WHEAT, OATS, AND BARLEY TISSUE
AVERAGED OVER THE 12 RESEARCH SITES

BEFORE AND AFTER COOLING TOWER OPERA-
TIONS BEGAN AT CHALK POFtfT, MARYLAND

Nutrient content, % of iry matter Metabolic

Mean
Standard

deviation

Mean
Standard

deviation

Mean
Standard

deviation

Mean
Standard

deviation

Mean
Standard

deviation

Mean
Standard

deviation

P

Wheat

0.24

0.04

K Ca Mg Na

: Preoperational Period (1974,

2.13

0.49

0.33

0.06

0.25

0.07

0.13

0.01

Cl

1975)

0.29

0.10

Wheat: Pottpperational Period (1976)

0.27

0.04

Oats:

0.23

0.05

2.18

0.63

0.60

0.07

0.29

0.06

0.09

0.01

0.21

0.08

Preoperational Period (1974,1975)

2.24

0.63

0.24

0.06

0.21

0.10

0.13

0.10

0.27

0.10

Oats: Postoperational Period (1976)

0.22

0.02

Barley:

0.21

0.06

1.96

0.28

0.44

0.04

0.23

0.03

0.10

0.01

0.17

0.07

Preoperational Period (1974,1975)

1.83

0.40

0.65

0.27

0.37

0.09

0.13

0.10

0.28

0.13

Barley: Poctoperational Period (1976)

0.25

0.05

2.1

0.69

0.92

0.34

0.43

0.13

0.10

0-O1

0.24

0.11

. index

7.3

2.0

11.7

3.5

7.6

2.2

11.2

2.6

8.1

2.5

11.7

3.3
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in the towers are Na+ and Cl~; therefore, the foliar absorption of these
ions by the six agricultural species would be of greatest interest
during the first year of operation of unit 3. There were indications of
higher sodium levels in the tobacco and soybean leaves during the
first year of tower operations, but the Cl" levels failed to increase
proportionately, remaining below the base-line levels set for all six
species. Sodium levels were below the base-line levels established for
the three grain crops (Table 6). These results suggest that the use of
low Cl* fertilizers may, in fact, be allowing the plants to deplete the
soil of residual Cl~ and that contributions of Cl~ from the towers were
not sufficient to compensate for the reduction. If this is the case, we
could predict that an equilibrium will eventually be reached and that
the salt contributions by unit 4, when it becomes operational, will be
more easily detected because of low background Cf levels in the soil.
Sustained operation by units 3 and 4 will be necessary before we can
evaluate the impact of brackish-water cooling towers on crops and
soils.

The metabolic index results in Tables 5 and 6 suggest that each
crop species may have a unique metabolic index (P + K + Ca + Mg/
Na+ + Cl") or balance of nutrient ions and that the index was
somewhat uniform across locations and differing soil types (Button,
1969). The general ranking of the six species from highest to lowest
appeared to be tobacco > soybeans > corn > barley «* oats «= wheat.
In studies involving the response of plants to aerosol treatments using
brackish water, small additions of aerosol salts to tobacco, corn, and
soybeans caused significant reductions in their index values (Mulchi
and Armbruster, 1975; Mulchi et al., 1976a; 1976b). As illustrated in
Tables 5 and 6, however, there may be natural variations that could
lead to false interpretation if resuHs for only 1 year are considered.
Studies over multiple years are needed to evaluate the limitations of
the technique for evaluating salt stress on agricultural species growing
near cooling towers using brackish water.
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PATHWAYS AND MASS BALANCE OF NATURAL
CESIUM COMPARED WITH SOME RELATED
METALS IN A ROCK-SOIL-WATER SYSTEM,
SIERRA NEVADA, CALIFORNIA

TODD HINKLEY
Denver Federal Center, U. S. Geological Survey, Denver, Colorado

ABSTRACT

The results of an investigation of the pathways, input—output mass balance, and
nature of movements and reservoirs of natural cesium in an undisturbed
subalpine watershed support the following conclusions: (1) The most important
local source of cesium within the watershed is the mineral biotite (black mica) of
the granitic bedrock. Flakes of mica may be preferentially freed from the rock
during early stages of weathering, transported about the watershed, and
deposited in soils by moving air and water. (2) Dusts entering the valley with
snow or as dry, airborne materials are enriched in cesium by as much as an order
of magnitude relative to other metals contained in rocks (K, Rb, Ca, Sr, and Ba).
(3) About the same mass of cesium enters the watershed annually with snow and
dry aerosols as is removed with stream runoff. Other metals (K, Rb, Ca, and Sr)
have a consistent net loss. Cesium may be accumulating in the watershed because
more cesium, relative to other metals, is freed from weathering rock than is
removed by streams. (4) Cesium-rich particles in snowmelt are deposited in soils,
and cesium is enriched in soils in comparison with rock. (5) In soil moisture in
the unsaturated zone, cesium is enriched by as much as an order of magnitude
relative to other metals and in comparison with granitic rock. There is greater
cesium concentration and enrichment in soil moisture of organic-rich soils than
of organic-poor soils.

This paper provides a picture of the movements and changes in
abundance of natural cesium in geological and hydrological regimes
in an undisturbed subalpine watershed and compares the behavior of
cesium in the same watershed with that of some other metals that
have a clear pattern of periodic-table chemical relationship to it.

Cesium-137 is a major product of nuclear fission reactions and,
because it is easy to measure, is among the tracers most widely used
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to determine the quantity and pathways of a number of other
nuclides produced with it. Knowledge of these pathways and
fractionations for natural cesium can be applied to problems of
cycling and accumulation of man-made cesium nuclides. Cesium-137
can be anticipated to follow the same pathways as natural cesium
after equilibration with natural-cesium-bearing materials. Natural
cesium is fractionated relative to other metals as it passes from its
source in the minerals of granitic rock to soils, to the films of soil
moisture which provide nourishment for plants, and ultimately to
the rest of the biological system.

The concentration of natural cesium in waters and sediments on
a continental scale was investigated by Sreekumaran, Pillai, and
Folsom (1968). A key work on the well-investigated topic of cesium
interaction with the inorganic fraction of soils is that of Tamura
(1963). Concentrations of cesium in the oceans were investigated by
Folsom (1974), and transport of radioactive cesium in dry atmo-
spheric material was investigated by Syers et al. (1972).

MATERIALS AND METHODS

Samples Analyzed and Metals Determined

In this study, the concentrations of cesium were measured in
rocks, soils, snow, stream waters, and soil-moisture films in a valley
where the geology was known and the cesium inputs from outside
sources could be measured. In addition to cesium, related metals in
the alkali and alkaline earth families were determined in the samples.
The six metals measured were K, Rb, Cs, Ca, Sr, and Ba. Ratios of
cesium to other metals provide standards for judging its relative
enrichment or depletion, and, using such ratios, we can identify
materials as products or sources in processes where they interact and
mix.

The analyses were made with a higher degree of reliability than is
common in this field of study by mass-spectrometric thermal-
emission stable-isotope dilution under clean laboratory conditions.
Techniques are described by Tera et al. (1971), who used the method
to determine alkali and alkaline earth metals in lunar materials. Great
care was taken to exclude contamination from the samples during
collection in the field and analysis in the laboratory. Ultra-clean
collecting devices and transporting containers were used, and
analyses were made in a filtered-air clean laboratory with ultra-high-
purity reagents and ware. Methods are discussed by Patterson and
Settle (1976). Repeated analyses of prepared stock solutions of
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cesium and the other metals and duplicate analyses of actual samples
prepared in different ways show that the precision and accuracy of
the determinations are good to 2 to 5% of the values. Results are
stated to a number of significant figures consistent with this. Masses
of cesium analyzed were typically 0.02 ng, whereas 160 ng was a
typical mass for the more abundant metal potassium. Thus a 4-g
water sample containing 5 parts per 10 1 2 of cesium could be
conveniently analyzed. Because of the absolute nature of the
analytical method and the large expense of time and money required
for each analysis, samples were not routinely done in duplicate after
initial determination of precision and accuracy.

Samples representing the entire snowpack were collected for
analysis, and the mass of the snowpack was measured at the time of
maximum accumulation by a method described by Elias et al.
(1976). A single profile of the snowpack in five vertical increments
was collected at the time of maximum depth in each of 2 years.
From the mass of snow and the sample concentrations of the metals,
the total mass of metals entering with snow was calculated.
Dry-deposition material was collected by exposing a horizontal plate
(Elias et al., 1976) for several days at times when the ground was
both bare and snow covered. The dust deposited was analyzed, and
the annual dry-deposition input of metals was calculated from area
and exposure times of the collector.

Stream runoff water was collected at the outlet of the watershed
in 2 years, at spring maximum and autumn minimum flows.

Metals in soil organic matter were isolated by ashing the soils at
room temperature in an excited oxygen plasma and dissolving the
burned material in dilute acid solution.

Metals in soil-moisture films were measured in this study by a
new method described by Hinkley and Patterson (1973) and Elias et
al. (1976), which involves rapid blotting of very small amounts of
moisture from undisturbed soils in the field in their normal
unsaturated state. This method may provide samples that ate nearer
true equilibrium extracts of soil moisture than are any of the
methods used in the past. The small samples obtained (0.3 g water
and dissolved solids) can be readily analyzed for cesium and the five
other alkali and alkaline earth metals by the stable-isotope-dilution
method. To determine the total mass of metals in the organic
fraction of soils, I analyzed the metals in the organic fraction of
various soil types and mapped the extent of each type for which the
depth had been measured and the organic content determined by the
potassium bichromate method. Total mass of metals in all soil-
moisture films was calculated from metal concentration, amount of
moisture in soil, area, and depth of horizon of saturation.
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Site Description

The study site, Thompson Canyon, is a 12.2-km2 area (Fig. 1) in
the northern part of Yosemite National Park, in the central crest
region of the Sierra Nevada mountains of California at an altitude of
2900 m (meadow surface). The field area was selected because: (1) It
is free from disturbance by logging, agriculture, or recreational
traffic. (2) A single rock type underlies the entire watershed.
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(3) Precipitation on the watershed appears to be the source of all
water leaving the drainage as stream runoff. (4) Trophic relationships
within the biological system appear to be relatively simple and stable.

More than half the surface of the canyon is bare rock. There are
no lakes, but a broad, poorly drained meadow lies at the southern
end. The main stream runs through the summer, fed by melting
snow. Lodgepole and whitebark pine and mountain hemlock are the
most common trees in the canyon. The watershed has been used
since 1970 for studies of metal fractionation in terrestrial food
chains. Hirao and Patterson (1974) used the fractionation and
mass-balance information to infer the degree of contamination of the
system by industrial lead. Hinkley (1974) discussed the distribution
and mass balance of alkali and alkaline earth metals (K, Rb, Cs, Ca,
Sr, and Ba). Hinkley and Patterson (1973) gave preliminary
information on alkali and alkaline earth metals in films of moisture
in soils of the valley. Elias etal. (1976) discussed the field and
laboratory research techniques used in both geological and biological
aspects of the study.

RESULTS AND DISCUSSION

Source Rock and Minerals

The bedrock of the Thompson Canyon watershed is Cathedral
Peak quartz monzonite of Cretaceous age (Broderson, 1962; Bate-
man et al., 1963). Aplite and pegmatite dikes in the quartz
monzonite and small remnants of very much younger volcanic ash
deposits occur within the drainage, but their surface exposures are
so small that they are insignificant with respect to the release of
metals during rock weathering.

The concentrations of cesium and related metals in the rock of
Thompson Canyon are shown in Table 1. The concentration of
cesium in the rock was uniformly low, ranging between 3 and 6 ppm
(averaging 4 ppm). Two major minerals, microcUne (potassium
feldspar) and plagioclase (sodium—calcium feldspar), and one minor
mineral, biotite (black mica), contained almost all the six metals.
Cesium was so concentrated in biotite that the rock's cesium was
about equally divided between biotite and the much more abundant
ffiicrocline. The other two alkali metals, potassium and rubidium,
were also concentrated in biotite, but to a much lesser degree than
was cesium. Biotite, which was only 3% of the rock, contained 8% of
the total potassium, 16% of total rubidium, and 46% of total cesium.
Biotite was low in calcium and strontium but was about average in
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TABLE 1

AVERAGE METAL CONCENTRATIONS (PERCENT BY
DRY WEIGHT) IN THOMPSON CANYON GRANITIC ROCK

(CATHEDRAL PEAK QUARTZ MONZONITE)

Metal

K
Rb
Cs
Ca
Sr
Ba

Single,
No. 1

2.9
0.011
0.00029
1.5
0.054
0.080

Single,
No. 2

4.1

1.3
0.054
0.018

Single,
No. 3

3.2
0.012
0.00062
1.3
0.054
0.099

Composite
(four other

rocks)

3.3
0.013
0.00040
1.1
0.048
0.11

barium relative to the composition of the whole rock. Plagioclase
feldspar contained >70% of the calcium and strontium, and micro-
cline contained 80% of the barium.

Cesium in Snow and Dry Deposition

Metalf also enter the watershed with snow or as dry deposition.
Rain constitutes <5% of the precipitation on the watershed.

The smaller potassium-to-cesium ratios for snow (~1600, Table
2), compared with those for rock (7900 average, Table 2), show that
cesium was present in relative excess over other metals in comparison
with the rocks providing the metals. The potassium-to-cesium ratio in
snow was closer to that in the cesium-rich mineral biotite (K/Cs
1700) than to that in any other mineral, and the small ratio is
interpreted to be due to the presence of biotite-rich dusts which have
either distant, average crustal rocks (Poldervaart, 1955) or local
Thompson Canyon rocks as their source. In general, Thompson
Canyon rocks and average crustal rocks (or their derived dusts) can
be distinguished by differing K/Ca, Ca/Sr, and Ca/Ba ratios. Dusts in
the total winter snowpack can be shown to be (Hinkley, 1974) of
distant origin (K/Ca = 1.9 and 1.8 for total snowpack of 1973 and
1974, respectively), whereas dusts that accumulate on the surfaces of
aging snowbanks in late spring (K/Ca = 2.4) have local rocks and soils
as a large part of their source. The considerably different metal
concentrations and proportions in the snowpacks of 1973 ard 1974
must be attributed to differing source areas and storm histories.
Large chemical variations occur with depth in individual annual



TABLE 2

METAL RATIOS IN SNOW, AEROSOLS, ROCK, AND SOILS IN THOMPSON
CANYON, TOGETHER WITH A DISTANT REFERENCE SAMPLE

Metal
ratio

K/Rb
K/Cs
Ca/Sr
Ca/Ba
K/Ca

Winter snowpack,
integration*

270
1560

140
59

0.57

Dry deposition,
October

(snow cover )t

220
2400

96
45

0.67

Dry deposition,
August

(bare ground)^

230
2200

52
22

1.37

Granitic
rock§

270
7900

24
10.5

2.8

Soil, fine
fraction f

175
840

29
15

1.62

Distant
air filter

250
3400

130
74

0.50

*Five increments of profile.
•(•Collection time for October sample, 2.3 days. October and August deposition rates were 64 and 41 g

Ca km"2 day"1, respectively. Distant air filter collections v/ere from White Mountain (4000 m elevation),
150 km southeast of Thompson Canyon, in May 1973; collection time, 1 month.

fCoilection time, 7.1 days.
§See Table 1.
flSingle meadow soil, <50 /im.

>
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snowpacks and between years (potassium was 0.0097 and 0.035 npm
and calcium was 0.018 and 0.062 ppm in 1973 and 1974,
respectively).

Dry-deposition material entering the watershed was also enriched
in cesium relative to the other metals, compared with source rocks
(Table 2). Like those in snow, the potassium-to-cesium ratios in
dry-deposition material (2200 and 2400) were more similar to ratios
in biotite than to those in any other mineral in the rock, but the
larger potassium-to-cesium ratio in the dry material points to some
dilution by a cesium-poor alkali mineral, perhaps potassium feldspar.
Also in common with snow, cesium enrichment was present in both
dusts of local origin, collected in August when rocks and soils of
Thompson Canyon were exposed, and dusts of distant origin,
collected in October at times of snow cover. The dominant source of
each type of dust is clear from a comparison of the potassium-to-
calcium ratios of local rocks (2.8) and soils (1.6) with the ratios of
October and August samples (0.7 and 1.4, respectively). The values
of the ratios of calcium to strontium and calcium to barium aiso sup-
port the source argument (that local rocks have smaller ratios than
average crustal rocks) and are included in Table 2 for that reason.

The relative enrichment of cesium in both local and distant dusts
suggests that cesium-rich mineral grains, such as biotite and possibly
clay species derived from it, form a major part of atmospheric dust
and that these platy minerals may be transported in the atmosphere
in preference to more rounded grains of low-cesium minera's such as
feldspar and quartz.

Metal Loss and Mass Balance

Stream runoff waters carry material out of the valley as solute
and as fine suspended particles. In general, the mass of each metal
leaving with streams was greater than the mass entering from outside
with snow and dry deposition in each of the two study years (cesium
and barium were exceptions in the second year). Table 3 averages the
mass balance data for the 1973 and 1974 masons. The concentra-
tions of metals in stream water were nearly the same in both years,
but the concentrations in snowpack were much higher the second
year, when cesium and barium showed net accumulation in the
watershed.

Most, of the material carried out by the streams is provided by
the rocks of the valley, and certain of the metals are taken out in
strong preference to others. Calcium and strontium are rapidly
removed by the streams, but cesium, potassium, rubidium, and
barium are "held back" in the watershed being removed from the
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TABLE 3

ANNUAL METAL INPUT, OUTPUT, AND ACCUMULATION
IN THE WATERSHED*

Metal

K
Rb
Cs
Ca
Sr
Ba

Stream
output.f kg

860
4.0
0.14

4,200
86
15.0

Input from
snowpack and
aerosols, t kg

440
1.7
0.27

800
6.0

12.3

Net output
by streams, kg

420
2.3

-0.13
3,400

80
2.3

Input,
percent of

output

51
43

193
19

7
82

Accumulation, §
kg

10,800
39

1.4
0

95
390

•Values are average of 1973 and 1974 seasons.
t l . 2 X 107 g runoff.
jSee Table 2.
§Held back as exoess from rock weathering, not removed by streams.

valley less rapidly than they are provided by rock weathering.
Calcium accounts for 78 to 86% of the mass of all six metals in
stream water but is only about 23% of the mass of the six metals in
the source rock (Table 1). The results of a simplified calculation to
estimate the mass of each metal held back in the valley in a given
time are presented in Table 3. The calculation assumes that metals of
the rock are freed by weathering in the same proportions in which
they occur in the rock and that the streams remove all the calcium
freed by weathering, necessarily leaving behind varying masses of the
other metals (the ratio Ca/K/Ba/Cs is 1 : 0.36 : 11 : 2900 in rock
and 1 : 5.1 : 2.9 : 31,000 in runoff). A correction was made for
masses of metals entering the valley with snow and dry fallout. If we
know the mass of cesium or another metal for some reservoir in the
system (e.g., soil or soil humus) we can calculate how much time
would be needed to hold back that amount of cesium in the valley.

Masses of Reservoirs and Rates of Accumulation

Certain parts of the watershed system can be considered
reservoirs containing definite masses of cesium and other metals.
These are total soil, soil organic matter, water in the unsaturated
zone of the soil profile, and the plants or animals. Also, there are
fluxes of definite masses of metals among reservoirs or into and out
of the system. These are input by snow, loss by stream runoff, or
accumulation of some metals in the watershed because release from
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weathering rocks is faster than removal by stream*. Comparisons of
important reservoir masses and flow rates for the watershed are
presented in Table 4.

We see from the table that the mass of cesium in total organic
matter in soil is about 70 times the mass of cesium in the soil
moisture films in intimate contact with it. Comparing flow rates with
masses of reservoirs, we also observe that the mass of cesium held
back in the watershed as excess from rock weathering not removed
by streams (Table 4, column 4) could match that in soil organic
matter in about 150 years. This observation is not intended to
suggest that all excess cesium continues to accumulate in soil organic
matter.

TABLE 4

METAL RESERVOIRS AND MOVEMENTS
IN THE WATERSHED

Metal

K
Rb
Cs
Ca
Sr
Ba

Total
soil,* kg

23.500,000
80,000
13,000

16,800,000
520,000
490,000

Organic
matter,f

kg

119,000
1,270

201
260,000

2,700
7,600

Soil
moisture,:].

kg

2,700
20

2.9
640

1.7
8.0

Accumulation, §
kg

10,900
39

1.4
0

105
390

Annual
stream

output,^ kg

850
4
0.14

4,200
83
15

*Excludes deep alluvium.
t lO 5 tons dry weight.
jMetals in "pore water" of the subsaturated zone of the soils (see Tables 9

and 10).
§Held back annually as excess from weathering of rock.
f Metals carried from the watershed us dissolved and suspended matter in

stream runoff; excludps tr echanical bed-load transport.

Loss of Cesium-Rich Material During Early Rock Decomposition

A comparison of the compositions of granitic rock and its
associated gruss (the crumbled primary weathering product of rock)
suggests that cesium-rich materials are preferentially removed from
the rock during the earliest stages of rock weathering. The
comparative chemistry is presented as ratios m Table 5. The
potassium-to-cesium ratio is larger in gruss than in the parent rock;
this indicates that the cesium-rich mineral biotite (black mica) is
freed and swept away as the grains of the rock separate and gruss is
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TABLE 5

COMPARISON OF SAMPLES OF CATHEDRAL PEAK
QUARTZ MONZONITE

ROCK AND ASSOCIATED GRUSSES

Metal
ratio

K/Rb
K/Cs
Ca/Sr
Ca/Ba
K/Ca

Rock sample*

255
8100

22
9.9
3.1

Gruss sample*

260
9900

21
7.9
3.5

*Values are from four rocks and four gruss samples, com-
posited before analysis.

formed. Biotite contains nearly half the cesium present in the whole
rock but only a small fraction of the potassium. The difference
between the two ratios (about 20%) is much greater than the
analytical precision and accuracy (which is ~2 to 5%). Rubidium is
also concentrated in biotite to some extent, and, although the
difference in the two potassium-to-rubidium ratios in Table 5 is
nearer the analytical limits, the values are appropriate to support the
case for removal of biotite from the crumbling rock.

Removal of Cesium from Running Water by Soils

Cesium is removed from water dripping from dusty, late-season
snowbanks as it runs in rivulets over soils. Cesium concentration de-
creases from 0.096 parts per 109 in dripping meltwater to 0.019 parts
per 109 in rivulet water that has traveled only 200 m over soils away
from the snowbank. Data are presented in Table 6. The other alkali
metals, potassium and rubidium, are also removed from the water, but
to a lesser extent than cesium. The potassium-to-cesium ratio shifts
from 1340 to 3300 over the 200-m rivulet course; this shows that
material especially rich in cesium has been removed from the water.
The composition of particulate matter centrifuged from meltwater in
the laboratory suggeais that it is composed of very small flakes of
mica, such as D »tite originating from the source rock which has
adsorbed additional cesium, as such micas are well-known to do (see
Tamura, 196^); the potassium-to-cesium ratio in the material
removed is 880, closer to that of biotite (1700) than to ratios of any
other minerals of the bedrock. Loss of biotite-derived pai'icles from
meltwater to the soil could explain the shift in cesium concentration
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TABLE 6

CHANGES IN METAL COMPOSITION OF MELTWATER
WITH DISTANCE FROM THE SOURCE SNOWBANK*

Metal

K
Rb
Cs
Ca
Sr
Ba

K/Cs

Melt water at snowbank
(n. = 1), parts perl 09

130
0.71
0.096

74
1.8
2.9

1340

Meltwater in rivulet
200 m from snowbank
(n = 1), parts per 109

62
0.31
0.019

445
7
0.86

3300

*Data are for both dissolved and suspended material in water
from single samples collected in midsummer on a canyon-side slope.
Chemical relationships are similar to those at two other sites in the
valley.

in the water as it flows away from the snowbank. This apparent
physical movement of cesium from meltwater to soil contrasts
sharply with the apparent chemical uptake of calcium and strontium
by the water from the soil. Both calcium and strontium have much
larger concentrations (Table 6) in the water after it has flowed away
from the source snowbanks.

We should note that snowbanks in these experiments contain
more metals than does total winter snowpack because of dusts
accumulated on the surfaces in late spring.

These experiments did not attempt to determine the mechanisms
by which dissolved cesium is attracted to the surfaces of organic or
mineral particles suspended in rivuleis or how such particles
aggregate and precipitate, contributing to the deposition of cesium
and other metals in soils from meltwaters. The fact that cesium is
much higher in the material experimentally removed from the water
than in any mineral from the source rock indicates that such
processes may be important, however.

An appreciable fraction of the total cesium present in soil could
have been provided by the meltwater removal mechanism discussed
here. If 1% of the average annual snowpack became dusty enough to
provide meltwater of the composition shown in Table 6, nearly half
the mass of cesium in the top 1 cm of the soils of the watershed
might have accumulated by removal from rivulets in the 10,000 years
of postglacial time. Since dusts are recycled within the watershed,
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however, it was not possible to determine the net effect of the
movement of mica in and out of soils.

Effects of Violent Thunderstorms on Cesium Transport by Streams

During and after violent summer thundershowers, concentrations
of cesium and other metals were much higher in the turbid, swollen
streams than under normal conditions when the streams were gently
fed by snowmelt. Cesium is enriched in the turbid streams in relative
excess over the other metals. The data presented in Table 7 strongly
suggest that cesium-rich mica particles swept into streams from
surficial soil horizons may cause the high cesium concentrations in
stream water. From normal to thunderstorm conditions, cesium
concentrations increased from 0.011 to 0.650 parts per 109, and
potassium-to-cesium ratios decreased from 5600 to 1430, the latter
value being near the ratio of biotite in source rocks (1700).

TABLE 7

COMPARISON OF METAL CONTENT OF
STREAMS UNDER NORMAL
AND FLOOD CONDITIONS*

K
Cs
Ca

Metal

K/Cs

Normal level,
rainless period

parts per 109

62
0.011

380
5600

Flood level, after
violent rainstorm

parts per 109

930
0.65

1100
1430

•Solute and suspended particles.

Both soils and bare rock surfaces may be sources of material in
streams at such times. During violent thundershowers, rills and
rooster tails of water have been observed on slopes in places where
meltwater channels have not been cut; this indicates that the areas
swept by flow during storms are greater than those swept during
normal, gentle snowmelt conditions.

The mechanism by which micas are swept out of surficial soils
can be regarded as a complement to the observed deposition into
soils of cesium-rich particles from rivulets of snowbank meltwater.
Despite these opposing effects, surficial soils maintain large reservoirs
of cesium-rich materials in all their fractions.
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Distribution of Cesium in Fractions of the Soil

Cesium and the other five metals were measured in three
fractions of the soil: (1) a coarse fraction consisting mostly of
mineral fragments less than 0.5 mm in size, obtained by washing and
decanting; (2) a fine mineral fraction consisting of clay- and silt-sized
particles, obtained by passing through a 50-fim mesh; and (3) organic
matter consisting mostly of humus, obtained by ashing the soil in an
excited oxygen plasma at room temperature and then leaching it
with dilute acid.

The coarse fraction of the soil, as evidenced by optical
mineralogy and by relationships among several of the metals
measured, obviously is derived from bedrock. The striking exception
to the similarity between the coarse-soil fraction and bedrock is the
nearly twofold enrichment of cesium in the soil fraction, in relation
to potassium. The potassium-to-cesium ratios in rock and coarse
fraction are 7900 (Table 2) and 4500 (Table 8), respectively. This
suggests that coarse flakes of biotite, which are visibly abundant in
the coarse fraction, may undergo preferential transport by air or
water from the crumbling wall rock of the valley to soils. Metal ratios
indicate that, like the coarse fraction, the fine mineral fraction is
derived from the rock of the watershed, but the cesium enrichment
of the fine material is extremely pronounced [its potassium-to-
cesium ratio is 1280 and that of the rock is 7900 (Tables 8 and 2,
respectively)]. The previously discussed mechanisms of preferential
removal of cesium-rich material from crumbling rock, deposition of

TABLE 8

CONCENTRATIONS OF METALS IN THREE FRACTIONS
OF A MID-MEADOW SOIL*

Metal

K
Rb
Cs
Ca
Sr
Ba

K/Cs

Organic
matter,t ppm

770
8.2
0.63

1,130
15
39

1,190

Coarse mineral
fraction, ppm

18,900
54

4.2
15,000

500
260

4,500

Fine mineral
fraction, ppm

21,000
126

17
13,800

410
930

1,280

"Organic matter, coarse mineral fraction, and tine mineral fraction
were 19, 50, and 29% of the soil by dry weight, respectively. N = 1.

tMass fraction determined by potassium dichromate method.
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very cesium-rich material into soils by snowmelt rivulets, and
widespread fallout of cesium-rich atmospheric dusts are consistent
with this cesium enrichment in the fine fraction of soils. The organic
fraction of the soils is of extremely distinctive metal composition—
very different frorr that of rocks, soil fractions, or minerals. It is
highly enriched in cesium over the other metals, its potassium-to-
cesium ratio (1190) being nearly an order of magnitude lower than
that in the rocks of the watershed (7900).

Chemical similarities, especially in cesium enrichment, between
soil organic matter and soil moisture (discussed in the following
section) suggest that organic matter may be a source of much of the
cesium in soil moisture, which provides metals to plants. Organic
matter has a much greater surface area in potential contact with soil
moisture than do other soil fractions; e.g., if organic matter is
composed of spheres weighing 50,000 atomic mass units and the fine
mineral fraction in soil is composed of particles 1 jum in size, then in
a soil with equal masses of organic and fine mineral matter, the
organic matter will have about 500 times moie surface area.

Little information is available on the affinity of soil organic
matter for cesium. Brown (1964) reported a tendency of carboxylic
sites in woody material to bind cesium. Folsom (1976) found that
cesium in tuna blood was concentrated in cells rather than in plasma
and that animal muscle tissue is the only organic material in the
oceans which accumulates cesium relative to seawater.

Metals in Soil-Moisture Films

As we have seen, cesium is more abundant, relative to other
metals, in soil than it is in source rock, and still more abundant in the
films of moisture surrounding soil particles in the subsaturated zone.
Potassium-to-cesium ratios are 7900 in whole rocks, 2900 in whole
soils, and as small as 630 in soil moisture. The ratios in soil moisture
are closer to those of organic matter (1190) than to those of other
soil fractions. This similarity of ratios, together with surface-area
considerations, suggest that organic matter may provide cesium to
the moisture. Clays and micas are also cesium rich, but previous
findings (Dahhnan, Francis, and Tamura, 1975) indicate that they
cannot release cesium to aqueous solutions once it is bound to the
minerals.

Soil-moisture films are unique among the natural waters sampled,
both in their high absolute concentrations of cesium and in their
enrichment of cesium relative to other metals. Table 9 compares
concentrations and ratios of metals in soil-moisture films with those
of groundwater and stream water collected at the same site. Cesium
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TABLE 9

COMPARISON OF METALS IN MID-MEADOW SOIL-MOISTURE
FILMS, PHREATIC WATER, AND

STREAM WATER FROM THE SAME LOCALITY

K
Cs
Ca

Metal

K/Cs
K/Ca

Four mid-meadow
soil-moisture films,*

parts per 109

7000(2000)
11(3.5)

1740(240)
630(75)

4(0.7)

Phreatic water (single
mid-meadow sample),

parts per 109

11.0
0.005

530
2300

0.022

Stream water
(July 21, 1974,

watershed outlet),
parts per 109

62.0
0.011

380
5600

0.16

•Values in parentheses are standard errors.

concentrations in soil-moisture films are as much as 1000 times
higher than those in other waters, and potassium-to-cesium ratios in
the soil moisture are as much as an order of magnitude smaller.

The cesium concentration in soil moisture varies with time of
year, changing by about a factor of 3 between midsummer and
autumn. The sense of variation is different in different soil horizons,
however, and is apparently related to the amount of organic matter
present. Data in Table 10 show that, in the organic-rich near-surface
horizon, cesium concentration in soil moisture was high in autumn
and low in summer, whereas, in the deeper organic-poor horizon, the
relationship was reversed. Patterson (1975) found that seasonal
variation of cesium concentration in the tissues of shallow-rooted
sedge plants growing on these same soils paralleled the seasonal
chang: s in soil moisture of the near-surface horizon, increasing about
sixfold, from 0,39 ppm in midsummer to 2,3 ppm (wet weight) in
autumn.

CONCLUSIONS

In a study of the cycling and distribution of cesium in a
subalpine watershed, the results support the following conclusions:

1. Relative to other metals such as K, Rb, Ca, Sr, and Ba, cesium
is progressively enriched from rocks to soils to soil moisture by as
much as an order of magnitude. Cesium is enriched by as much as
fivefold (compared to rock) in the aerosol materials entering the
watershed with snow or as dry deposition.



PATHWAYS OF NATURAL CESIUM 363

TABLE 10

POTASSIUM AND CESIUM CONCENTRATIONS IN
SOIL-MOISTURE FILMS AS AFFECTED BY SOIL DEPTH

AND TIME OF PLANT GROWING SEASON*

Soil horizon and metal

Shallow, organic-rich
horizon (5 cm depth)

K
Cs

Deep, mineralic
horizon (30 cm depth)

K
Cs

Late July,t
parts per 109

9,300
2.7

2,600
1.2

Late September^
parts per 109

20,000
8.9

1,030
0.56

*Each .-alue represents a single sample of perched hillside soil.
tLate July and late September represent the middle and end of

the plant growing season, respectively.

2. In the movement of cesium from rocks to soils, the cesium-
rich mineral biotite (cesium is 45 ppm in biotite compared to 4 ppm
in whole rock) appears to be the most important solid agent of
transfer.

3. Two very high cesium materials present in soils—fine min-
eralic material and organic matter—must both be considered as
possible sources of cesium from the rock—soil system to the very
cesium-rich soil moisture available to plants, but, in view of the
relatively irreversible binding of cesium to mineral grains, organic
matter may be more important.
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GEOCHEMICAL ORIGIN OF SURFACE WATERS
!N A GEOTHERMAL AREA

J. G. McCOLL, L. M. GALLAGHER, and C. P. MARTZ
Department of Soils and Plant Nutrition, University of California,
Berkeley, California

ABSTRACT

Water quality in the Big Canyon Creek watershed, Lake County, in northern
California, where exploration of geothermal energy reserves is under way, is
influenced by two different types of groundwater: (1) Groundwater springs
supplying summer flow for tributaries low in dissolved solids appear to originate
from contacts between the volcanic caps of Siegler and Boggs mountains and the
underlying sediments, where aquifers are probably confined to shallow circula-
tion among the volcanics; and (2) groundwater iiigh in d'osolved solids provides
summer flow in another tributary. Principal ionic constituents here are NaT,
Ca , and Mg2+; HCO3 is the main anion, although Cf is also present. These
groundwaters are probably of deep circulation, in contact with sediments
undergoing low-grade metamorphism. The highly mineralized waters of this
tributary, with a mean pH of 8.7, influence water quality in the major creek
because of lack of additional summer inflow downstream. Diagnostic ion ratios
and high levels of C\~ (>131 mg/liter) in spring waters indicate that the
geothermal reservoir is liquid dominated, in contrast to the vapor-dominated
reservoir at The Geysers Field nearby where steam is being used to generate
electricity.

The use of geothermal energy is increasing as traditional supplies of
coal and oil become less available (Hammond, 1975; Robson, 1974).
Waters from geothermal fields are being used for space heating,
bathing, agricultural purposes, and to produce electric energy.
Geothermal steam is being used to produce electricity in Italy, New
Zealand, and the United States (Axtmann, 1975; Ellis, 1975). This
subject has received considerable attention at two recent interna-
tional symposia (United Nations, 1970,1976).

365
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There are two main types of geothermal systems, depending on
the physical state of the continuous fluid phase, liquid dominated
and vapor dominated (White, 1970). Geothermal fields also have
different geological environments and rock types (Ellis, 1975). The
liquid-dominated system in the Salton Sea area of southern Cali-
fornia is contained in deltaic river sediments, whereas The Geysers
vapor-dominated system in northern California is largely in fractured
graywacke. The fields in Italy and Turkey are of limestone, dolomite,
marbles, and shales. Thus, as White (1970) points out, applying
geochemistry to geothermal energy resources requires knowledge of
the sources of fluid constituents, as well as an appreciation of the
major differences between the two fluid types. The physical state of
the dominant fluid (liquid or vapor) will control the volatility of
various chemical constituents of the geothermal fluid. Vapor-
dominated (steam) systems are relatively rare and less well under-
stood than are liquid-dominated (hot-water) geothermal systems
(White, Muffler, and Truesdell, 1971).

Interpretation of the chemistry of geothermal fluids is often used
not only to predict the type of geothermal system but also to predict
the temperature of the reservoir (White, 1970; White, Muffler, and
Truesdell, 1971; Truesdell, 1976) and is, thus, a widely used tool in
exploring potentially useful fields. Ratios or concentrations of ions
in surface springs or wells which can be related to subsurface
temperatures are called geothermometers. Truesdell (1976) gave an
excellent discussion of this subject and summarized much of the
relevant available data.

Analysis of constituents of geothermal waters has been widely
used in evaluating geothermal reservoirs (Baldi et al., 1973; EJIic,
1975; Gupta and Sukhija, 1974; Swanberg, 1974; White, 1970) and
in assessing possible environmental degradation by effluent from
geothermal power plants (Axtmann, 1975). Installing and operating
such power plants may cause increases in the temperature of surface
waters, soil erosion, atmospheric humidity, and levels of toxic
elements in air and water and may change the natural geothermal
activity in surrounding areas or cause ground subsidence.

Our study of the chemistry of springs and surface waters was
conducted in a geothermal area in the upper portion of Big Canyon
Creek watershed in northern California. The specific objectives were
to determine the influence of natural geochemical contributions to
the surface water system, whether the geothermal reservoir is vapor
or liquid dominated, and the probable subsurface temperature of the
geothermal reservoir, to obtain base line data before exploration and
exploitation.
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Geothermal energy reservoirs presently being used to produce
electricity at The Geysers Field in northern California are vapor
dominated. Since this field is only a short distance from the
watershed of our study, there is considerable interest in discovering
similar steam fields that would be suitable for producing electricity.

MATERIALS AND METHODS

Site Description

The Big Canyon Creek watershed is located in the north-central
Coast Range of California, ~160 km north of San Francisco and 32
km southeast of the city of Lakeport on the shore of Clear Lake
(Fig. 1). The watershed covers ~4700 ha, has a northwest orienta-
tion, and is bounded on the northwest by Boggs and Seigler
mountains. The drainage area opens on Putah Creek and the
Collayomi Valley, ~ 16 km to the southeast (Fig. 1).

The climate is typically "Mediterranean," with hot, dry summers
and cool, moist winters with a small amount of snow at higher
elevations. Precipitation and air temperatures vary with altitude in
the watershed. Mean annual rainfall is 150 cm, and mean annual
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Fig. 1 Study area location (inset) and sampling sites (numbered
points) in the Big Canyon Creek watershed, Lake County, Calif.
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snowfall is 40 cm at HoDergs at an elevation of 987 m (from National
Oceanic and Atmospheric Administration data). No temperature data
are available for the watershed, but temperatures range from about
4°C in January to about 25°C in July.

Vegetation distribution in the watershed, although primarily a
function of soil type and depth, is also determined by topography.
The hotter, drier southeast slopes are generally covered with
chaparral, and vegetation communities on the northwest slopes are
primarily oak woodlands and mixed conifer forests. Vegetation on
the north slopes of Boggs Mountain, which rises to 1140 m, has a
marked transition from oak woodland to mixed conifer forest at
about 853 m. Eight soil series cover a major portion of the
watershed: Hugo, Aiken, Laughlin, Salminas, Hennecke, Maymen,
Los Gatos, and Josephine (Nicholas and McColl, 1976).

An understanding of the local geology is essential in assessing
water quality in the study area since all the perennial streams
monitored in the watershed had major groundwater components
during the summer months. Various aspects of the geology of the
area have been studied by Bailey, Irwin, and Jones (1964), Barnes
and O'Neil (1969), Barnes et al. (1973a; 1973b), Brice (1953), Swe
and Dickinson (1970), and most recently by Heam, Donnelly, and
Goff (1975a: 1975b). A summary of the geology follows.

This region of the north-central Coast Range is characterized by
two marine sedimentary formations, the Franciscan formation and
the overlying Great Valley Sequence of the Upper Jurassic and
Cretaceous periods. These two formations underlie all the later
sedimentary and volcanic rocks of the region. Sediments in the
Franciscan formation consist largely of highly deformed and sheared
graywackes, with sandstones, shales, greenstones, and cherts. The
Great Valley Sequence is less deformed and contains a relatively
higher proportion of shale to gray wacke. In addition, the sandstones
of the two formations differ noticeably in composition; sandstones
of the Great Valley Sequence contain high proportions of potassium
feldspar, whereas this mineral is practically absent in Franciscan
sandstones.

Overlying the Great Valley Sequence are extensive beds of the
Plio-Pleistocene Cache formation, which are freshwater deposits,
consisting of light gray silt interspersed with beds of coarse gravel.
Rhyolite tuffs occur near the top of the formation.

Volcanic flows ranging from cinder cones to fissure extrusions He
above the eroded sediments of the Franciscan formation and the
Great Valley Sequence and are the region's most recent geologic
features. The Clear Lake Volcanic series consists of rhyolitic flows,
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basalt lava, andesites, and dacites, with some hybridization occurring
locally. Prominent land forms of volcanic origin are the rhyolite
dome of Cobb Mountain, the andesite lavas of Boggs Mountain, and
the dacite and andesite cap of Seigler Mountain.

Sampling and Analyses

Water was collected in plastic sample bags from springs and
creeks that had continuous flow during the spring and summer of
1975 (Fig. 1). The main drainage creek (Big Canyon Creek) and four
upper tributaries were sampled at points on the tributaries above
their confluence with Big Canyon Creek and at a short distance
downstream on Big Canyon Creek itself.

Most chemical analyses were performed on the summer samples,
but pH and specific conductance were determined throughout.
Samples taken May 19, Aug. 20, and Sept. 2 were analyzed for Ca2+,
Mg2+, Na% and K+ and for alkalinity. Alkalinity titrations were made
on stored samples and may indicate higher carbonate values than
occur in the field. Samples taken Sept. 9 were analyzed for B,
NH3-N, SOf, and Cl".

Samples were stored at 3°C in the dark before analysis. Specific
conductance, alkalinity (carbonate and bicarbonate), and pH were
determined in the laboratory at 25°C. Concentrations of Ca2+, Mg2+,
Na*, and K+ were determined by atomic absorption spectro-
photometry (Isaac and Kerber, 1971). Sulfate was determined by
turbidimetry (Environmental Protection Agency, 1974), chloride by
titration (Environmental Protection Agency, 1974), and boron by
the curcumin method (American Public Health Association, 1971).
Ammonia—nitrogen was determined by the nesslerization method
(American Public Health Association, 1971).

Summer flow of Big Canyon Creek was measured using a pygmy
flowmeter. Where velocities were <0.15 cm/sec, flumes were
constructed to increase flow rates. Velocities were measured at
points 1.52 cm apart on transects across each stream. We converted
flow rates to cubic feet per second, using standard U. S. Geological
Survey tables, and then converted to metric units (liters per minute).

Three cation—geothermometer equations, as summarized by
Truesdell (1976), were used to predict subsurface temperatures from
cation concentrations of spring waters:
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where sodium and potassium are in parts per million

t C = log (Na/K), 0.70

where sodium and potassium are in parts per million

log (Na/K) + '/, log ~ 213A5 ( 3 )

where sodium, potassium, and calcium are in moles per liter.
Statistical analyses of variance were made to determine differ-

ences between sites; where F-ratios were significant at the 0.05 level
of probability, least significant differences (LSD) between means
were determined by the new multiple range test (Duncan, 1955).

RESULTS AND DISCUSSION

Stream Flow

The most striking feature of the summer flow regime of Big
Canyon Creek was the small variation in flow at each sampling site
during a 7-week period without rain (Aug. 8 to Sept. 17, 1975);
coefficients of variation ranged from 1 to 7% for the eight sampling
sites. This relative constancy is attributed to groundwater springs,
which form the major source of summer flow for all perennial
streams in the watershed.

Although there was an overall trend toward increasing flow rate
downstream (from 2380 ± 102 liters/min at site 1 to 4012 ± 187
liters/min at site 8), mean flow rates at site 5 (3757 ± 170 liters/min)
and at site 8 (4012+ 187 liters/min) were less than those at sites
above them by 12 and 9%, respectively. This was probably caused by
evaporative loss and/or partial underground flow where rock frac-
tures occur.

Chemical Constituents

Since ion concentrations (Table 1) represent maximum annual
values for the stream sites monitored (flow rates are minimum during
summer), they can be considered critical base-line concentrations for
comparison with similar data that should be taken as exploration of
geothermal energy proceeds.
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TABLE 1

CHEMISTRY OF CREEKS AND SPRINGS IN BIG CANYON CREEK WATERSHED,*
LAKE COUNTY, CAL., SUMMER 1975

Location

Big Canyon
Creek

Mill Creek

Spikenard
Creek

Malo Creek

Bad Creek

Pine Cone
Springs

LSD (5%)

pH

8.1 ±0.1
(29)

7.9 ±0.1
(4)

8.0 + 0.1
(4)

8.0 ±0.1
(4)

8.7 ± 0.2
(11)

8.8 ± 0.1
(6)
0.5

Specific
conductance.

^mho/cm

219 ±6
(29)

138 ± 11
(4)

193 + 10
(4)

270 ±7
(4)

1572±105
(11)

3222± 53
(6)
195

Mg3\
mg/liter

12.41 ± 0.90
(22)

5.88 ± 0.57
(3)

8.29 ± 0.63
(3)

10.21 ± 1.84
(3)

277.98 ± 55.00
(6)

204.00 ± 2.90
(3)

90.47

Ca2*,
mg/liter

11.73 ± 0.85
(22)

8.51 ± 1.20
(3)

13.56 ± 0.61
(3)

31.63 ± 6.08
(3)

37.22 ±7.00
(6)

18.07 ± 3.61
(3)

16.52

K*.
mgfliter

2.3i ± 0.20
(22)

1.41 + 0.16
(3)

1.55 ± 0.08
(3)

1.50 ±0.42
(3)

2.54 + 0.41
(6)

10.85 + 0.75
(3)

1.63

Na*,
mgfliter

9.39 + 0.31
(22)

5.73 + 0.58
(3)

10.13 + 1.20
(3)

12.7 + 3.48
(3)

39.43 + 5.62
(6)

498.53 + 1.32
(3)

11.29

•Means ± standard errors are given. Values in parentheses indicate the number of samples analyzed.

so3~.
mgfliter

2± 1
(8)
< 1

(1)
4

(1)
55

(1)
40 ± 1

(3)
5± 2
(2)

B,
mgfliter

0.7 ± 0.2
(8 )
0.4

(1 )
0.7

(1)
0.7

(1)
5.5 ± 0.4

(3)
16.0± 1.0

(2)

O ,
mgfliter

6± 2
(8 )
2

(1 )
5

U)
2

(1)
114 ± 10

(3)
132 ± 1

(2)
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The main cations in Big Canyon Creek were Mg2+, Ca2+, and Na+;
relatively little K+ occurred (Table 1). The main anion was probably
HCOj although concentrations were not measured; determinations
must be made immediately after sampling (Roberson et al., 1963),
but this was not possible in our study. High HCO3 and CO3"
concentrations measured at Pine Cone Springs (2283 ± 48 mg/liter
HCOj and 391 ± 5 mg/liter CO§") and at Bad Creek (1334 ± 155
mg/liter HCOj and 208 ± 36 mg/liter COj~) and high pH values of all
water samples (Table 1) confirm the inferred high HCO3 concentra-
tions in the creeks, as does the presence of silica—carbonate rock,
which is an alteration of serpentine by solutions rich in HCOj. In
addition, available published data from the literature (Barnes and
O'Neil, 1969; Barnes etal., 1973a) indicate very high HCOj
concentrations for waters associated with serpentine, a rock type
common in the watershed, especially in the northwest portion.

Except for Bad Creek, the creeks had fairly low concentrations
of SO|" and moderate concentrations of Cl" and boron (Table 1).
Ammonia—nitrogen was low in creeks (<0.2 mg/liter) but relatively
high in waters of Pine Cone Springs (3.9 mg/liter).

Ion concentrations of Bad Creek and Pine Cone Springs were
many times higher than those of the other creeks, and for most
elements these differences were statistically significant (Table 1). Ion
concentrations, pH, and specific conductance increased in a down-
stream direction in Big Canyon Creek (Figs. 2 and 3). This is caused
largely by inputs of highly mineralized waters from springs and seeps
in the watershed. For example, the effects of the tributary creeks
(Mill, Spikenard, Bad, and Malo) on the specific conductance of Big
Canyon Creek are shown in Fig. 3. The influence of Bad Creek is
partially shown at site 5, but its full effect does not appear until site
6, where full mixing of this tributary with Big Canyon Creek had
occurred. The values for Big Canyon Creek in Table 1 are means of
those for the eight sampling sites, which varied depending on
whether the sampling site was located above ^r below the conflu-
ences with the tributaries.

Diagnostic Ion Ratios and Geochemical Relationships

The unusual character of carbonated springs associated with
serpentine intrusions in the north-central Coast Range of California
has long been noted (Waring, 1915). Only recently, however, have
methods been devised by which these waters can be classified by
geochemical origins. White (1957) found that ratios by weight for
selected components of subsurface waters provided a means of
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1 2 3 4 5 6 7 8

BIG CANYON CREEK SAMPLING SITES, SEPTEMBER 1975

Fig. 2 Ion concentrations for Big Canyon Creek, Lake County,
Calif., showing an increase downstream, September 1975 (N = 3 for
cations. N = 1 for anions).

distinguishing between waters of magmatic, connate, and meta-
morphic origins.

Waters containing a magmatic component exhibit exceedingly
variable constituent ratios according to their various modes of
formation. In general, however, these waters are characterized by
high concentrations of silica, high ratios of K+ to Na+, and high
B-to-Cl~ ratios. Cation ratios tend to be controlled by local geology,
but HCC>3-to-Cr and SO|"-to-CF ratios generally reflect modes of
origin. Ratios of HCO3 to Cl~ range from zero for acid sulfate waters
condensed from steam rich in Hi S to near the maximum observed for
natural waters that are acid, bicarbonate—sulfate waters condensing
from CO 2- and H2S-rich vapors. The fact that ratios of SO^" to Cf
for both these water types tend to be high reflects the dominance of
the SO4" anion and the virtual, absence of the nonvolatile Cl~ anion
(White, Hem, and Waring, 1963).

Connate waters aie typified by a high Cl" content, which tends to
produce low values for HCO^-to-Cl" ratios. Ratios of B to Cl" are
similar to those for magmatic waters. Values for Ca2 +-to-Na+ ratios
are generally low, but Mg2 *-to-Ca2 + ratios are relatively higher than
those of magmatic waters. The SC>4~-to-Cr ratios are quite low.

Waters classed as metamorphic in origin are similar in some
respects to connate waters; both have low K+-to-Na+ ratios. The most
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10 4 14
SAMPLING SITE

Fig. 3 Mean specific conductance of Big Canyon Creek (n) and its
tributaries (•), Lake County, Calif., summer 1975, showing an
increase downstream and the effects of tributaries (N = 3 for sites 1
to 8. N = 4 for sites 9 to 11 and 14).

striking difference between these two groups is the low Cl~ but high
HCO3 content of metamorphic waters. Thus ratios of HCO3 to Cf
are much higher for waters of metamorphic origin than for connate
or magmatic waters. The Mg2 *-to-Ca2 + ratios can be quite high since
metamorphic waters are often associated with serpentine and with
mercury deposits.

Low K+-to-Na+ ratios and high SO|"-to-Cl" and Mg2+-to-Ca2 +

ratios for Bad Creek (Table 2) compare well with ratios from spring
waters at Abbott Mine (White, Hem, and Waring, 1963) and from the
nearby Howard Springs (Enviros, 1976). This suggests that Bad Creek
may be largely metamorphic in origin. Pine Cone Springs shows
essentially the same pattern (Table 2), with low ratios of K+ to Na+

and high ratios of Mg2* to Ca2+ and B to Cl", but SO|"-to-Crratios
are lower than Abbott Mine because of low SO|~ concentrations.
Pine Cone Springs is probably metamorphic in origin also.



TABLE 2 Q

ION RATIOS (BY WEIGHT) FOR CREEKS AND SPRINGS IN |
BIG CANYON CREEK WATERSHED,* LAKE COUNTY, z

CALIF., SUMMER 1975 °

Location K*/Na+ Mg2+/Ca2* Ca2+/Na+ B/Cf SOl'ICT g
Tl

Big Canyon 0.29 ± 0.03 1.00 ± 0.05 1.24 ± 0.04 0.21 ± 0.11 0.49 ± 0.09 o
Creek (22) (22) (22) (8) (8) m

Mill Creek 0.25 + 0.02 0.70 ± 0.03 1.48 ± 0.08 0.20 0.05 f
(3) (3) (3) (1) (1) =j

Spikenard 0.16 + 0.03 0.61 ± 0.04 1.39 ± 0.21 0.14 0.80 3!
Creek (3) (3) (3) (1) (1)

Malo Creek 0.12 + 0.01 0.32 ± 0.00 2.60 ± 0 . 2 1 0.35 2

(3) (3) (3) (1) >
Bad Creek 0.07 ± 0.01 7.70 ± 0.95 0.96 ± 0.07 0.05 ± 0.00 0.35 ± 0.03 O

(8) (8) (8) (2) (2) O
Pine Cone 0.02 ± 0.00 7.09 ±0.11 0.06 ± 0.00 0.17 ± 0.01 0.01 ± 0.01 i

Springs (3) (3) (3) (2) (2) 5
LSD (5%) 0.13 1.29 0.43 2

>
r-

•Means ± standard errors are given. Values in parentheses indicate the number of >
samples analyzed. •*>
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The high B, HCO3, and Mg2* concentrations and low CF
concentrations observed for these 'vaters may be related to both
surface geology and geochemical processes occurring at considerable
depth. The high Mg2+ concentrations shown may result from the
chemical weathering of serpentine where the acidic HCO3 waters
come in contact with this ultrabasic rock (Barnes et aL, 1973b). All
the springs in the watershed which are high in dissolved solids issue
from or near serpentine intrusions.

Although serpentine may be responsible for the high Mg2 +

concentrations and high ratios of Mg2 + to Ca2 + observed for these
waters, it cannot contribute the high B and HCO3 concentrations
that prevail for Sad Creek and Pine Cone Springs. Barnes et al.
(1973b) suggested that these elements are the products of low-grade
metamorphism of marine ? ;oiments occurring at depth. Fine-grained
marine sediments high in boron are thought to be recrystallizing,
yielding the high boron concentrations observed for waters in the
region. The high concentrations of HCO3 reported may also be the
result of silicification of carbonates in the sediments caused by heat
and pressure. Sulfate concentrations in the waters, although low,
may indicate a breakdown of organic matter in the sediments or may
result from the oxidation of H2 S from volcanic sources.

Low conductivity values, low Mg2+-to-Ca2+ ratios, and high
Ca2+-to-Na+ and K+-to-Na+ ratios (Table 2) indicate a predominantly
magmatic origin for the waters of upper Big Canyon, Mill, Malo, and
Spikenard creeks. All these creeks are spring fed, but it appears that
waters from the springs have a relatively shallow circulation. The fact
that these springs seem to issue near the contact between lava flows
and Cretaceous and Jurassic sedimentr. indicates that the aquifers
supporting them may be confined to the Seigler Mountain and Boggs
Mountain volcanics. The mean Ca2+-to-Na+ ratio for site 1 was 1.05.
This low ratio is also consistent with the sodic nature of the
plagioclase, which is a major component of the andesit?>—dacite flows
of Seigler Mountain (Brice, 1953). Immediately above site 1 is
Fishery Spring, which issues below the contact of the Seigler
Mountain flows and the mudstones of the Jurassic sediments.

High Ca2 +-to-Na+ ratios for Mill, Malo, and Spikenard creeks may
reflect the calcic composition of the plagioclaso of Boggs Mountain
andesite. These creeks are fed by groundwater springs that pre-
sumably issue at or below the contact between the andesite flows of
Boggs Mountain and the Cretaceous siltstones. The contact is
obscured by landslide debris. The predominance of calcic plagioclase
over ferromagnesian minerals, such as hypersthene and augite, in
these lavas may be responsible for the low Mg2 +-to-Ca2 + ratios for
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Mill, Malo, and Spikenard creeks. The low ratios could also be the
result of the solution of CaCO^ cement since the waters flow
through beds of Cretaceous sediments.

Thus Bad Creek differs significantly from Mill, Malo, and
Spikenard creeks (Tables 1 and 2). It contains highiy mineralized
waters similar to those of Pine Cone Springs, both being influenced
by contact with serpentine, as the very high Mg2+-to-Ca2+ ratios
indicate (Table 2).

The changes in ionic concentrations among the eight sampling
sites at Big Canyon Creek aro partially presented in Figs. 2 and 3. Ion
ratios for each sampling site also show statistically significant
differences related to the ionic inputs from the tributaries, particu-
larly Bad Creek. For example, the K+-to-Na+ ratio decreases
progressively from 0.50 to 0.13 in a downstream direction (LSD at
5% = 0.07). The Mg2+-to-Ca2 + ratio (LSD at 5% = 0.11) varies from a
low of 0.74 at site 2, just below Mill Creek, to a maximum of 1.38 at
site 6, where the effects of the Bad Creek input are most noticeable,
and is 1.13 at site 8, where the waters of Malo Creek (Mg2+-to-Ca2 +

ratio, 0.32) had an ameliorating effect. The Ca2+-to-Na+ ratio,
although showing a decreasing trend downstream in Big Canyon
Creek, was not significantly different among the eight sampling sites.

Chemical Constituents of Springs as Indicators
of Types of Geothermal Systems

White (1970) directed particular attention to the Cl" concentra-
tion of natural geothermal springs since this is the most critical early
geochemical indicator for distinguishing a hot-water system
(CP > 50 ppm) from a steam system (Cl~< 15 ppm). Varxus ion
ratios are also indicators of the type of geothermal system.

We compared the chemistry of the springs we sampled with data
for springs in the same watershed collected in other studies and with
published data for springs in The Geysers area (Fig. 4). The
chemistry of these waters indicate that the geothermal reservoir
beneath Big Canyon Creek watershed is a hot-water system, in
contrast to the steam system of the nearby Geysers field. This
conclusion was also reached by Goff et al. (1976) and Donnelly et al.
(1976). Springs in The Geysers area are typically acid, with high NH3

and SOfT concentrations and negligible HCO3 concentrations.
Chloride is essentially absent (Fig. 4). Thus these springs are different
in relative chemical composition from the springs in Big Canyon
Creek watershed. Ion ratios also indicate major differences, especially
for ratios of HCO3 to Cl", SO4" to Cl", and B to Cl", which are about
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la) Ib) (c | (d )
SPRINGS IN BIG CANYON

CREEK WATERSHED

(e) ( f ) (9) ( h |

SPRINGS AT THE GEYSERS

Fig. 4 Ion concentrations for selected springs in the Big Canyon
Creek watershed, Lake County, Calif, (a to d), and at the Geysers,
Sonoma County, Calif, (e to h). (a) Seigler hot spring (Barnes et al.,
1973a). (b) Seigler lukewarm spring (Barnes et al., 1973a). (c) Pine
Cone Spring, mean of sampling sites 15 and 16 (this study), (d) Bad
Creek, site 12, highest location which is spring fed (this study),
(e) Magnesia Spring (Allen and Day, 1927). (f) Indiana Mud Spring
(Allen and Day, 1927). (g) Witches Cauldron Spring (White, Hem,
and Waring, 1963). (h) Arsenic Spring (Allen and Day, 1927).

10 to 1000 times greater for The Geysers springs than for springs in
Big Canyon Creek watershed. Chloride contents of greater than 131
ppm in Pine Cone Springs in Big Canyon Creek watershed (Table 1)
definitely indicate a hot-water system.

Geothermometers

We used the three cation geothermometer equations to predict
subsurface temperatures from data for springs in Big Canyon Creek
watershed (Table 3). For Pine Cone Springs, Eqs. 1 and 2 predicted
temperatures far below those predicted by other methods and should
probably be disregarded. It is most likely that our calculations using
Eq. 3 are better estimates; they are more consistent with those for
Seigler and Soda springs in the same watershed (Table 3). The
temperatures predicted from Soda Springs may be the best estimates
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TABLE 3

SUBSURFACE TEMPER '.TURKS PREDICTED FROM
CATION-GEOTHERMOMETER EQUATIONS BY USE
OF DATA FROM SPRINGS IN BIG CANYON CREEK

WATERSHED, LAKE COUNTY, CALIF.

Site

Bad Creek (site 12,
which is spring fed)

Pine Cone Springs
Seigler Springs, two

samples (Truesdell,
1976)

Soda Springs, at
Howard Springs
[calculated from
data given by
Enviros (1976)]

Temperature
(Eq. 1), °C

150

67
211 and

257

219

Temperature
(Eq. 2), °C

142

57

219

Temperature
(Eq. 3), °C

138

149
169 and

215

221

because they are consistent among the three equations and because
the flow rate of this spring is relatively high (Enviros, 1976).

CONCLUSIONS

Big Canyon Creek increases in ion concentration in a downstream
direction and is maintained by highly mineralized spring waters
during summer flow. Thus disturbance in the watershed causing
increased geothermal fluids in the drainage system will increase the
mineral loading of Big Canyon Creek downstream from the point of
disturbance.

If our prediction that the geothermal reservoir is liquid domi-
nated is proved correct, this conclusion has serious implications with
regard to degradation of surface water and groundwater in the
watershed if the reservoir is used to generate electricity. Because a
large amount (70 to 90%) of the mass flow of water in hot-water
systems used to produce electricity results as effluent, which poses a
potential chemical and thermal pollution hazard, a vapor-dominatod
system is preferable to a hot-water system for generating electricity
(White and Truesdell, 1973; Truesdell, 1976; White, 1970; White,
Muffler, and Truesdell, 1971). In addition, precipitation of CaCO3

and SiO2 from hot-water systems may clog pipes and reservoir rocks,
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and chlorine may corrode pipes. On the other hand, use of the
vapor-dominated field at The Geysers to generate electricity has
resulted in relatively minor pollution hazards, but emissions of B,
NH4, and H2S must be dealt with (White, 1970).

Therefore, not. only is it important to appreciate the geochemical
origin and differences in the chemistry of the creek in Big Canyon
Watershed but also it is essential to take adequate precautions to
prevent water pollution if and when exploitation of the liquid-
dominated geothermal reservoir takes place.
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ABSTRACT

Soil and vegetation samples were collected on a grid pattern at 6.4-km intervals
up to 19 km in eight directions from a coal-burning generating station and
analyzed spectrochemically to determine the extent of fly-ash deposition.
Among the 22 elements measured in the saturation extracts of surface soils, only
Ca, Mg, B, Ba, and Sr showed progressive decreases in concentration in the
southerly direction as the distance from the main stack increased. Except in the
southerly direction for calcium, boron, and strontium, plant analyses showed no
relationship between composition and distance or direction from the plant site.
The data suggest that strontium concentration in the saturation extract of soil
can be used as an indicator of the extent of fallout. Data indicated that, to date,
measurable contamination of either soil or vegetation in the region surrounding
the station from stack emission." from the power station is highly unlikely.

More than 80 million tonnes of fly ash were removed from flue gases
of coal-burning power plants in the United States from 1970 through
1972. Over the years, commercial use of this material has amounted
to ~10% of production, and use in agriculture has been negligible
(Faber, 1976).

Knowledge of both the extent of deposition from stack emission
and the effects of fly-ash disposal on soils, plants, and water is
needed to successfully manage the inevitable large quantities of fly
ash which will be produced in the future. Applications to soil can be
regulated to prevent undesirable effects on crops after research to
determine the effects has been completed. To better understand the

3G3
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problem of fallout and accumulation of elements in the environs of a
coal-burning power station, we selected a completely isolated station
located near the Colorado River in the Mojave Desert, where
contamination from other industrial sources would be so thoroughly
dispersed as to be part of the background. The situation is fairly
typ' .1 of the southwestern United States. The initial study reviews
the extent of fly-tv-h deposition from stack emissions on surrounding
soils and vegetation, and an attempt is made to develop a
methodology for positive identification of coal-derived elements in
the soil and vegetation of the region.

MATERIALS AND METHODS

The study area was in the vicinity of the Mojave Generating
Station in extreme southern Nevada, just across the Colorado River
from Bullhead City, Ariz. The station, which went on line in 1970,
consists of two 790-Mw units and one 150-m stack. The coal was
delivered through pipelines at 50% water slurry from the Black Mesa
formation of Arizona. Major and trace-element contents of the coai
are reported elsewhere (Swanson, 1972).

A previous study of ash deposition in the area (Turner et al.,
1975) approached the problem by attempting to verify a meteoro-
logical model. Actual levels of fallout and elemental accumulation
failed to verify this model. In this study, our approach assumed no
specific dispersional pattern. In 1975 a concentric grid was estab-
lished around the power station, and plant and soil samples were
collected at various directions and distances from the main stack
(Fig. 1).

Soil Samples

Four surface (0 to 2 cm) samples and one subsurface (2 to 15
cm) sample were collected at each of the sampling points designated
in Fig. 1 and were stored separately before being shipped back to the
laboratory. The samples were air dried and crushed by hand to pass a
2-mm plastic sieve. Saturated pastes were then prepared by adding
deionized water to 3 kg of soil (Salinity Laboratory Staff, 1954).
After standing for 24 hr, the pastes were transferred to large Biichner
funnels, and the aqueou« extracts were removed by suction. This
procedure yielded from 100 to 300 ml of saturation extract, a
volume sufficiently large to provide detectable levels of the more
common elements. Thio extraction technique was used mainly to
measure the availability of elements to plants since the basic concern
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SCALE: 5 mm = 1.6 km s

Fig. 1 Mojave Generating Station sampling code, showing direc-
tions, sampling grids (O, I, II, III) and position of sample sites.
Surface samples were taken at positions 1 to 4, and subsurface
samples were taken at position 5.

about fallout is element availability to the biological systems of the
fallout area. Furthermore, the saturation extract is commonly used
as a means of assessing the water-soluble concentration of elements
in soils (Salinity Laboratory Staff, 1954).

Vegetation Samples

Since in arid regions the residence time of elements on soil at a
given point may be very short because of wind action, vegetation
may be a better indicator of time-integrated accumulation. To
determine the plant species most suitable for a field study of such
time-integrated elemental accumulation, we conducted a survey of
vegetation in the region within 32 km of the power station. The
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objective of the survey was to select a common plant species with
leaves available for sampling throughout the year and with a shallow
root system that would most likely absorb soluble elements from
surface deposition of fly ash.

Twelve desert plant species prevalent in the region were sampled
to ascertain any potential problems in determining their chemical
composition. From field survey and the chemical analyses, fiddle-
neck (Amsenekia tessellata) and brittlebush (Encelia farinosa) were
shown to be most suitable for studies of trace-element accumulation.
Fiddle-neck is an annual and brittlebush a perennial; both have
sufficient leaves for sampling and can be identified according to age.
Because brittlebush was more common to the region in question,
however, it was selected as the indicator plant to study fly-ash
deposition. Leaves of this species were collected for chemical analysis
at most of the sampling points indicated in Fig. 1. Each foliar sample
consisted of about 100 mature and healthy leaves selected from 10
plants. The samples were thoroughly dried at 60°C and pulverized by
hand. Approximately 1.5 g of each sample was weighed and muffled
at 500° C for 4 hr. No loss of the elements analyzed for occurs in this
procedure (Isaac and Jones, 1972). The ash material was dissolved in
6N HC1 and filtered, and the filtrate was analyzed for chemical
composition.

Fly-Ash Samples

One fly-ash sample was collected at each sampling date from the
power-plant precipitates and analyzed for total, water-soluble, and
acidified water-solubk elements. Total analyses were carried out by
Na2 CO3 fusion. A separate sample was fused in boric acid for total
sodium analysis. Water-soluble elements were taken as equivalent to
the solution composition of the equilibrium saturation extract. To
determine acidified water-so'uble elements, we prepared the satu-
ration extracts using dilute HC1 rather than deionized water. The pH
of the saturation extract from the acidified ash was 6.5.

Chemical Analysis

A detailed description of sample preparation and chemical
analyses of major and trace elements for soil, fly-ash, and vegetation
samples by the use of a direct-reading spectrograph with a mini-
computer is given elsewhere (Bradford, Kellner, and Hagstrom,
1973). The lower limit of detection depends on the electrolyte
concentration of the final solution. Accuracy is generally better than
±20% of the amount present.
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RESULTS AND DISCUSSION

Chemical Characterization of Fly Ash

Chemical analysis was necessary to characterize the fly ash with
respect to element abundances or ratios that could be used to
identify fly-ash accumulation in soils or vegetation.

The range and mean total concentrations of the various elements
in fly ash collected at approximately monthly intervals for a period
of 5 months are presented in Table 1. The data demonstrate
considerable variation in elemental composition, particularly for Ca,
Fe, Si, Ba, and V, in relation to time of sampling. This is probably
caused by the nonhomogeneous nature of fly ash and the variations
in composition of the source coal with time. The data point out the
importance of periodic sampling and analyses to obtain a represen-
tative composition for fly ash from a particular source.

The major constituents of the ash are Si, Al, Fe, and Ca. Total
contents of elements are similar to values reported for coal ash from
six operating plants in the western United States (Swanson, 1972).
Except for concentrations of boron, strontium, and barium, which
are higher in fly ash than in soils, concentrations of most trace
elements in the fly ash fall within the range reported for mineral soils
by Mitchell (1964, p. 332). Since the concentrations for a majority
of trace elements in Table 1 are below the limits of detectability,
however, no attempt was made to compare these values critically
with those generally considered normal for soils.

The similarity of total content of elements in fly ash to that in
soils and the great variability in element concentrations in different
soils preclude assessment of fly-ash addition to soils based on simple
broad-spectrum analyses. This was confirmed by Turner et al. (1975)
for the site in our study. Cannon and Swanson (1975) encountered
the same problem. A previous study with 68 soils (Bradford, Bair,
and Hunsaker, 1971) proved that analysis of water extracts from
soils was more useful for comparative purposes than total analysis.

Concentrations of elements in saturation extracts of fly ash (pH
12.5) and in fly ash—water mixtures acidified to provide an extract
pH of 6.5 are presented in Table 1. The high pH of the saturation
extracts from fly ash is responsible in part for the relatively low
solubility of most trace elements. Concentrations of Ca, Na, Mo, Ba,
and Sr were higher in the ash extracts than in the soil extracts
(Bradford, Bair, and Hunsaker, 1971). Barium and strontium
concentrations in the ash extracts were more than 100-fold greater
than the mean values of 68 soil extracts. This suggests that
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TABLE 1

ELEMENTAL AND WATER-SOLUBLE COMPOSITION
OF FLY ASH COLLECTED FROM ELECTROSTATIC
PRECIPITATORS AT THE MOJAVE GENERATING

STATION

Element

Calcium
Magnesium
Aluminum
Iron
Sodium
Potassium
Phosphorus
Silicon

Barium
Strontium
Boron
Zinc
Copper
Vanadium
Manganese
Cobalt
Chromium
Lead
Nickel
Molybdenum
Cadmium
Silver

Total content*

Range

%

4.6-9.3
1.2-1.8
14-20

3.0-6.4
<1.0
<1.0
<1.8
2-10

ppm

2000-9300
1200-2200
625-850
109-161
67-142
90-189
<200

<100
<100
<100
<100

<50
<10
<10

Mean

6.2
1.4

17
5.0

<1.0
<1.0
<1.8

7.7

5400
1458

725
132
100
119

<200

<100
<100
<100
<100

<50
<10
<10

Water soluble, vg/nil

Before pH
adjustment
(pH 12.5)

476
<1
<2

0.01
287

<100

<0.6

50
61

<0.6
0.02
0.01

<0.01
<0.01

<0.01
<1

<0.02
0.01
0.12

<0.01
< 0.001

After pH
adjustment

(p: S.5)

38,234
849
<2

0.11
900

<100

<0.6

15
333

65
0.08
0.02
0.02

1.3

0.09
< 1

<0.02
0.13
1.11
0.03

< 0.001

* Range and mean values of five samples collected
approximately monthly intervals for a period of 5 months.

at
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saturation-extract concentrations of barium and strontium may serve
as good indicators of the extent of fly-ash contamination of soils.

Acidifying the ash to pH 6.5 greatly increased the solubility of
most elements. Concentrations of Ca, Mg, B, Sr, Mn, and Mo in the
acidified fly-ash extract were considerably greater than their corre-
sponding concentrations in saturation extracts of fly ash without
acidification (Table 1). This is significant in that, if fly ash is mixed
with a soil in amounts equivalent to a few percent by weight, the
resultant equilibrium pH will fall in the range common to soils. As a
result, these elements would be more available in the amended soil
than in fly ash. With respect to the particular fly ash used, the
concentration of strontium was as much as 1600-fold its mean
concentration in soils; this suggests that strontium in saturation
extracts would serve as a good indicator of fly-ash contamination of
soils.

Concentrations of Elements in Saturation Extracts of Soils Adjacent to the
Mojave Generating Station

Concentrations of Cr, Ni, Co, V, Pb, and Cd in saturation
extracts from surface and subsurface soil samples collected at all
directions and distances from the main stack (Fig. 1) were less than
0.01 jug/ml, and thosv,- of aluminum, molybdenum, and silver were
less than 1.0, 0.05, and 0.002 Mg/ml, respectively. In all cases
concentrations were low, less than the Public Health Service drinking
water standards (Public Health Service, 1962). The pH of the
saturation extracts ranged from 7.0 to 8.2.

The power station in the sampling region had been in continuous
operation for a period of 4 years before the samples were taken. If
measurable contamination of the soils in the region had occurred,
ignoring possible differences in soils at each sampling location, we
would expect that the element concentration in the saturation
extract would have declined with increasing distance from the main
stack. This procedure assumes that the highest percentage of fallout
will occur close to the stack and that percentages will diminish in
proportion to distance from the stack. To ascertain whether
measurable soil contamination could be detected, we determined the
concentrations of a number of elements in the soil saturation
extracts in relation to direction and distance from the plant. Except
for the southerly direction, concentrations of Ca, Mg, Na, K, Si, B,
Ba, Sr, Fe, Cu, and Zn in soil saturation extracts snowed no
consistent trends in relation to distance or direction from the main
stack. This indicates that measurable contamination of soils as a
result of stack emissions, if it occurs, is restricted to the southerly
direction.
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Concentrations of various elements in relation to distance in the
southerly direction are presented in Table 2. For Ca, Mg, B, Ba, and
Sr, statistically significant diminishing trends in saturation-extract
concentrations in relation to distance apparently suggest that this is
the region of maximum fallout. This relationship may be fortuitous,
however, since such factors as soil mineralogy, topography, drainage
characteristics, and soil erosion also profoundly influence element
concentrations. Furthermore, concentrations of the various elements
in subsurface samples collected from the southerly direction also
show diminishing trends in relation to distance from the main stack.
This suggests that the trends observed are related to soil properties
rather than to extent of fly-ash contamination. Additional more-
refined studies are required to confirm that increased concentrations
of Ca, Mg, Ba, and Sr are derived from fallout of fly ash.

Elemental Content yf Brittlebush Leaf Tissue Sampled at Various
Distances and Directions from the Mojave Generating Station

Concentrations of Cr, Mn, Cu, Zn, Mo, Ni, Co, V, Cd, and Ag in
leaves of brittlebush sampiud at all directions and distances up to 19
km from the stack were low, in the range usually reported by others
for plants (Chapman, 1966). Except for the southerly direction,
generally no trends toward diminishing concentration of the various
elements were observed. Again, concentrations of Ca, Ba, Sr, and B
in brittlebush leaves sampled in the southerly direction showed a
diminishing trend in relation to distance from the station site (Table
?>). Significant correlation between leaf-tissue concentrations of Ca,
Ba, Sr, and B and the levels of these elements in saturation extract
provided additional evidence of the common mode of distribution
for these elements.

In conclusion, results of the field study indirate that fallout from
the Mojave Generating Station to date has not, except possibly in the
southerly direction, resulted in measurable contamination of either
soils or vegetation in the region surrounding the station. The data
presented also suggest that strontium concentration in saturation
extract from soils could serve as an indicator of fly-ash contami-
nation of soils.
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TABLE 2

CONCENTRATIONS OF ELEMENTS IN SATURATION EXTRACTS FROM
SURFACE AND SUBSURFACE SOILS IN RELATION TO SOUTHERLY

DISTANCES FROM THE MAIN STACK

Element concentration,

o
m
•o
O

i
O
-n

km

0.8
6.4

13
19

0.8
6.4

13
19

Ca

202a
115b

99b
64c

85
50
38
19

* Values not
multiple range

tNo

Mg

29.0a
13.3b
10.5bc
6.5c

10.6
4.4
3.1
1.3

Na

153a
17b
13b
24b

101
17
16
30

K

20b
32a
24b
12c

13
17

9
8

Si

1.60a
1.25a
0.53a
1.35a

5.60
0.25
0.25
0.26

B Ba

Surface boil*

0.50a
0.31b
0.26bc
0.17c

0.44a
0.30b
0.25bc
0.17c

Subsurface Soilf

0.24
0.16
0.19
0.06

followed by the same letter are significantly
test.

statistical analysis
sampling site.

was made for subsurface-ioil data
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0.13
0.06
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1.28a
0.81b
0.54c
0.39c

0.47
0.38
0.22
0.09
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0.03a
0.04a
0.03a
0.04a

0.03
0.01
0.04
0.03

Cu

0.04a
0.01b
0.02ab
0.02ab

<0.01
0.01
0.02
0.02

at the 5% level according to 1

only one
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0.14a
0.05b
0.09ab
0.07ab

0.06
0.03

0.06
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TABLE 3

CONCENTRATIONS OF ELEMENTS IN UNWASHED
BRITTLEBUSH LEAF TISSUE SAMPLED AT VARIOUS

SOUTHERLY DISTANCES FROM THE MOJAVE GENERATING
STATION AND CORRELATION COEFFICIENTS WITH

SATURATION EXTRACTS FROM SURFACE SOIL SAMPLES
TAKEN IN THE SAME DIRECTION

Element

Calcium
Magnesium
Aluminum
Iron
Sodium

Potassium
Phosphorus
Silicon
Barium
Strontium
Boron

Distance from generating station

6.4 km

56,900
6,605

703
748

4,540
24,600
2,330

135
35

314
110

13 km

36,500
4,687

838
788

4,391
28,800
2,603

93
38

266
87

19 km

9,200
11,600

<100
284

27,800

24,700
5,162

154
3

34
22

rvalue

0.775f
0.548

-0.272
0.802f

0.097

0.495
0.652*
0.783t
0.632*

•Significant at 5% level.
tSignificant at 1% level.
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SULFUR CONTENT OF RAINWATER
IN SOUTH CAROLINA
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ABSTRACT

Rainwater collected at 15 locations in South Carolina was analyzed for sulfur
during the 3-year period from 1973 to 1975. These analyses were compared with
analyses of collections made from 1953 to 1955 at three locations near Clemson,
Columbia, and Charleston. The principal source of sulfur in atmosphere and
rainwater, especially in the winter months, is probably the discharge of
combustion gases from burning fossil fuels in homes. Seasonal variations in the
sulfur content of rainwater are small but real. Rainwater collected near Clemson,
Columbia, and Charleston was found to contain more sulfur than did that from
rural locations in the state. The precipitation from one rural location contained
as much sulfur as that from the more populated areas because of its proximity to
a coal-burning electric power plant. In the 1973—1975 period, an annual amount
of about 10 kg S/ha was found in South Carolina rainwater, and, in the
1953—1955 period, the annual average was about 6 kg S/ha. Twenty years ago
sulfur in rainwater made a minor contribution to the sulfur required by crops in
South Carolina. Today it adds 4 more kilograms of sulfur per hectare for
agronomic and horticultural crop needs.

Sulfur is an essential plant nutrient. If the supply is inadequate, plants
are stunted, yellow, and deficient in certain essential amino acids.
Animals fed on pasture and forage consisting of sulfur-deficient
plants may also suffer from an inadequate supply of essential amino
acids. South Carolina is an area of potential sulfur deficiency
(Jordan et al., 1959). Soils are highly weathered and low in organic
matter, and in the past there was only minor industrial activity to
contribute sulfur to the atmosphere and precipitation. Evidence is
accumulating, however, that the amount and distribution of sulfur in

394
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the environment, including air, water, and soil, is changing (Hoeft,
Keeney, and Walsh, 1972).

In this study, during the 3-year period from 1973 to 1975,
rainwater was collected at 15 locations in South Carolina and
analyzed for sulfur. These analyses were compared with analyses of
collections made from 1953 to 1955 at three locations near Clemson,
Columbia, and Charleston. The purpose of the study was to bring
together all the South Carolina data and to determine the pattern
and trend of sulfur supply in the state.

There are several potential sources of sulfur in atmosphere and
precipitation. The principal source, especially in the winter months,
is believed to be combustion gases from burning fossil fuels
discharged into the atmosphere (Bertramson, Fried, and Tisdale,
1950). Another source of atmospheric sulfur is the anaerobic
decomposition of organic matter in swamps, which releases H2S. In
humid regions atmospheric sulfur is periodically carried to the earth
in rainwater. Major emphasis in the investigations reported here was
placed on measuring sulfur found in rainwater since it represents
tangible additions to the soil—plant system and can be readily
measured.

SULFUR IN RAINWATER

Sulfur was established as an essential element for plant growth
more than 150 years ago, and sulfur in rainwater was studied in 1884
(Gray, 1888). In the United States, research on sulfur in rainwater
has been conducted in nearly all states having an average annual
rainfall of more than 75 cm. Studies have also been reported from
France, Germany, Great Britain, Russia, West Africa, Australia, New
Zealand, and Japan. Since most of these studies are summarized by
Eriksson (1963), they are not reviewed here.

Seasonal variations in the sulfur content of rainwater were noted
by several investigators. Hoeft, Keeney, and Walsh (1972) noted that
40 to 50% of the sulfur addition by precipitation in Wisconsin
occurred during the winter months, November through February.
Jordan et al. (1959) reviewed the literature and quoted results from
New York and Kentucky which indicated seasonal differences, but
their data from the southeastern states showed only small seasonal
variations (of the order of 0.7 kg/ha per quarter).

Rainwater collected at urban locations has been found to contain
more sulfur than that collected at rural locations. In Wisconsin,
Hoeft, Keeney, and Walsh (1972) found that rural and urban stations
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received an average of 16.5 and 42.1 kg S ha"1 year"1, respectively.
During the 3-year period from 1953 to 1955, rainwater collected in
Virginia, Kentucky, and Tennessee was found to contain more sulfur
than did that in Alabama, Arkansas, Florida, Georgia, Louisiana,
Mississippi, North Carolina, South Carolina, and Texas (Jordan et al.,
1959). In the rural areas of these nine states, the general average for
the 3-year period was 6 kg S/ha. The average in Virginia, Kentucky,
and Tennessee was more than twice that amount.

A change in concentration in response to changing environmental
conditions has also been observed. Wilson (1926) noted that sulfur in
rainwater at Ithaca, N. Y., ranged from 28 to 40 kg S ha"1 year"1

from May 1918 to May 1923. A new coal-burning heating plant
began operation near the rain-collecting device in the fall of 1923.
Subsequently, sulfur in rainwater ranged from 50 to 73 kg S ha"1

year"1. Other investigators (Jordan et al., 1959; Hoeft, Keeney, and
Walsh, 1972) reported that steam-plant effluents affect the sulfur
content of rainwater and that several times as much sulfur comes
down in the rainwater from industrial areas as from rural areas.

Studies are being made by several U. S. government agencies to
examine possible conflicts between energy goals and environmental
goals, specifically with regard to the implications of regulating SO2

emissions from burning fossil fuels. For example, catalytic converters
placed on automobile engines in compliance with regulations of the
emission of exhaust gases have reduced the lead content of emissions,
but they have increased severalfold the amount of SO2 released into
the air. At the same time there is ongoing research, e.g., that of Kim,
Deming, and Hatfield (1975), designed to determine how to
economically remove sulfur dioxide from stack gases of fossil-fuel-
powered electric plants.

MATERIALS AND METHODS

Rainwater for this study was collected at 15 locations in South
Carolina (Fig. 1), at the Eriisto, Pee Dee, Simpson, Sandhill, and
Truck experiment stations and at 10 other rural sites. The Pee Dee
and Edisto stations are in rural parts of Darlington and Barnwell
counties. The Barnwell County location is ~14 km from liie
boundary of the Savannah River Plant. The Simpson, Sandhill, and
Truck stations are within 10 km of the Clemson, Columbia, and
Charleston city limits, respectively. The Booth farm collecting site in
Sumter County is within 1 km of Shaw Air Force Base, and the
Lanham farm site is within 3 km of a coal-burning steam electric
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Fig. 1 Location of rainwater-collection points in South Carolina.

plant put in operation at about the same time that the investigation
began. The Bland and Hay ward collecting sites are downwind 13 and
9 km, respectively, from the same coal-burning plant.

The rainwater was collected and analyzed for sulfur every 30
days. The analyses were reported by month, and the data were
summarized by quarter—January through March, April through
June, July through September, and October through December.

Sulfur in rainwater was determined from a representative sample
collected in a standard 3-liter plastic bucket 20 cm in diameter. The
bucket was supported in a metal canister ~180 cm above the ground.
A protective metal ring was installed as an extension of the canister
to prevent pollution of the rainwater by birds. After 1 month's
exposure time (corrected to 30-day intervals), the entire quantity of
water was taken from the bucket, screened through a 20-mesh sieve
to remove particulate matter, evaporated to dryness in a sulfur-free
hood, and taken up in solution. The sulfur was then precipitated as
BaSO4. The sulfur was determined turbidimetrically according to the
method described by Jordan et al. (1959). Data were recorded for all
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locations in 1973, 1974, and 1975. To compare results from the
1953—1955 collections with those from the 1973—1975 collections,
I had to use the same methodology employed in the earlier period
even though more precise and more sophisticated procedures,
equipment, and instrumentation are now avaD'.'ole.

The data were subjected to an analysis of variance to determine
the significance (f-test) of location, year, and quarter, and the
interactions of these factors. For significant effects (P < 0.05), the
least significant difference (LSD) was calculated to test for differ-
ences among pairs of means.

RESULTS AND DISCUSSION

Data collected in this study as a whole are segregated by year as
rural, urban, and industrial data (Table 1).

TABLE 1

SULFUR COLLECTED IN RAINWATER
DURING 3-YEAR PERIOD AT RURAL,

URBAN, AND INDUSTRIAL LOCATIONS

Year

1973
1974
1975

Mean

Sulfur collected,

Rural

6.69
9.60
8.41
8.23

Urban

10.92
11.22
11.73
11.29

* kg/ha

Industrial

10.19
12.29
10.96
11.15

Annual mean,
kg/ha

9.26
11.04
10.37

"Because of unequal numbers of samples for
locations, no least significant difference (LSD) is
presented. Based on the t-test, significantly less sulfur
was found for rural than for urban or industrial areas.
LSD (0.05) for locations was 1.24 and for years 1.26
(location x year was not significant).

Effect of Locations

From the analysis of variance, significance effects were found for
both year and location (P < 0.01), but there was no significant
interaction (P > 0.05) between location and year.

In the urban areas near Columbia (Sandhill), Clemson (Simpson),
and Charleston (Truck), sulfur accumulations in rainwater were
found to be significantly higher than in the rural areas of the state.
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The lowest 3-year average annual amount (6.8 kg S/ha) was collected
on the Wiles farm in a rural section of Calhoun County, and the
highest average annual amount (12.1 kg S/ha) was collected at the
Truck experiment station adjoining residential suburbs west of
Charleston on Highway 17.

The industrial areas accumulated an amount of sulfur in
rainwater that was not significantly different from the urban areas.
In fact, 11.8 kg S/ha was collected at both the Lanham farm
location, about 3 km from a coal-burning steam electric plant, and the
Sandhill station near Columbia.

The general average of 11.15 kg S/ha should be a good estimate
of the annual accumulation of sulfur in rainwater in industrial areas
of South Carolina. By comparison, sulfur in rainfall near Gary, Ind.,
which is highly industrialized, was found to be 142 kg S/ha annually
(Bertramson, Fried, and Tisdale, 1950).

Seasonal Variations

Only minor seasonal changes in the amount of sulfur in rainwater
were recorded in the areas covered by this study. Average data by
quarter for the 15 locations are given in Table 2. There were
significant differences by quarter ( P < 0.001) and significant
interactions of years by quarter (P < 0.001); this indicates that the
seasonal distribution was dependent on year. The highest values were
recorded in the January—March quarters, the mean for which was
significantly higher than the values for the other three quarters. Lack

TABLE 2

SULFUR IN RAINWATER AVERAGED BY
QUARTER FOR 15 LOCATIONS, 1973-1975

Year

1973
1974
1975

Quarterly
mean

LSD (0.05)
Quarter =

January-
March

2.9
3.0
3.4

3.1

0.33
Year = 0.32
Quarter x year = 0.48

Sulfur in rainwater, kg/ha

April-
June

2.2
1.7
2.8

2.2

Ju ly -
September

1.5
3.0
1.6

2.0

October—
December

1.5
3.0
1.9

2.1

Annual
mean,
kg/ha

2.1
2.7
2.4
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of more pronounced seasonal effects was probably caused by the
large number of rural locations studied. Such areas have dispersed
populations, and consequently a smaller number of homes are heated
per area involved.

Data published by Jordan et al. (1959) indicate that sulfur in
rainfall is correlated to some extent with frequency of rains. It is
suggested that a moderate rainfall, say 1.5 cm, removes practically all
sulfur from the atmosphere. If the rain continues to a total of 6 cm,
the last 4.5 cm serves only to dilute the concentration of sulfur. Thus
four intermittent rains of 1.5 cm each may bring down more sulfur
than a single rain of 6 cm. A more complete report of the
relationship between sulfur in rainfall and quantity and frequency of
rains must await more data gathering.

Twenty-Year Variations

It is possible to compare the sulfur in rainwater in the
1973—1975 collections with that in 1953—1955 collections from
sites near Clemson, Charleston, and Columbia (Table 3). The site of
the earlier collections at the Sandhill experiment station near
Columbia is within 500 m of the present site. Unfortunately, the
1953—1955 collection site at Clemson is now under the waters of
Lake Hartwell, but the present site at the Simpson experiment

TABLE 3

SULFUR COLLECTED IN RAINWATER FROM 1953 TO 1955
AND FROM 1973 TO 1975

Average annual
amount, kg/ha

Location

Clemson, S. C.
Columbia, S. C.
Charleston, S. C.
Average for three

S. C. townsf
Watkinsville, Ga.
Waynesville, N. C.

1953-1955

8.9*
4.2
6.0

6.3
6.4
6.2

1973-1975

10.1
11.8
12.1

11.3

•Average is for 1953 and 1955; data for ] 954 were not reported.
fAll South Carolina data for 1953 to 1955 are adapted from Bardsley,

Suman, and Stewart (1964). North Carolina and Georgia data are from
Jordan et al. (1959). The 1953—1955 mean is significantly different from
the 1973—1975 mean at the 1% level.
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station is within 6 km of the old one. The 1953—1955 site in the
Charleston area was nearer Summerville than Charleston and was
about 22 km from the present collection site at the Trui'k experi-
ment station.

The data indicate a variation in South Carolina rainwater of from
an average of 6.3 kg S/ha in the period from 1953 to 1955 to an
average of 11.3 kg S/ha 20 years later, from 1973 to 1975. The
sulfur in rainwater at experiment stations at Watkinsville, Ga., and
Waynesville, N. C , is also given for comparison in Table 3. Values for
these two locations (6.4 and 6.2 kg S/ha, respectively) exactly
bracket the value of 6.3 kg S/ha, which was the average for the three
South Carolina towns in the period from 1953 to 1955.

Twenty years ago sulfur in rainwater made a minor contribution
to the sulfur required by crops in South Carolina (Bardsley, Suman,
and Stewart, 1964). In 1975 an additional 4 kg S/ha was deposited
on the soil for agronomic and horticultural crop needs.

It is conceivable that some of the sulfur reported as sulfur in
rainwater could have come from dry deposition of sulfate, but in
rural areas this is unlikely. Whether the sulfur deposition is wet or
dry, the conclusions drawn are unaffected since sulfur from dry
deposition could contribute to the nutrient needs of plants as well as
that found in rainwater.

On the basis of research results in the dscadu from 1950 to 1960,
crops commonly grown in South Carolina, e.g., clover (Trifolium
repens L.), cotton (Gossypium hirsutum L.),corn (Zea mays L.),
soybeans (Glycine max L.), wheat (Triticum aestivum L.), vegetables,
ornamentals, and grasses, are fertilized with sulfur-bearing fertilizers.
For example, it is suggested, based on research in the 1950s, that
cotton fertilizer be used at a rate to supply not less than 9 kg S/ha.
This suggestion was made when the average amount of sulfur coming
down in rainwater was about 6 kg/ha. It is evident from research
results in the period from 1973 to 1975 that the sulfur in rainwater
is increasing and that the findings should be reevaluated from time
to time, if not continuously.

The data presented here show the annual, seasonal, and loca-
tional trends expected in an area of low population density in the
southern temperate zone. They show that urban areas are as
important a source of sulfur in South Carolina as are industrial areas.
By taking into account the rural, urban, and industrial areas in South
Carolina, we can predict an overall average sulfur addition of about
10 kg/ha for the present. A comparable study by Hoeft, Keeney, and
Walsh (1972) in Wisconsin reported an overall average sulfur addition
of about 30 kg/ha.
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EXTRACTABILITY OF PLUTONIUM-238 AND
CURIUM-242 FROM A CONTAMINATED SOIL
AS A FUNCTION OF pH AND CERTAIN SOIL
COMPONENTS. CH3COOH-NH4OH SYSTEM

H. NISHITA
Laboratory of Nuclear Medicine and Radiation Biology, University of
California, Los Angeles, California

ABSTRACT

Extractability of 238Pu and 2 4 JCm from an artificially contaminated soil as a
function of pH and certain soil components was examined with an equilibrium
batch technique by the use of a CH3COOH—NH4OH extracting system. The
influence of various soil components on 238Pu and 242Cm extractability was
determined indirectly by selective removal of the components from the soil. The
soil organic matter appeared to have a major influence on the extractability of
these radionuclides. Though to a lesser extent, free iron oxides exerted an
influence also. Before removal rf soil organic matter, the extractability curves
for these radionuclides were qualitatively similar in general form. The nature of
this form is discussed. Within the contaminated, untreated soil, the 238Pu and
242Cm extractability ranged from 0.60 to 30.80% and 0.11 to 14.83% of dose,
respectively, depending on the pH of the extracting solution. The liquid- to
solid-phase ratio (K,j) values ranged from 3.5 x 10"4 to 2.7 x 10"2 for 2 3 8Pu
and 0.9 x 10"4 to 1.4 x 10"2 for 242Cm. Very low extractability occurred in
the pH range from ~8.6 to ~9.7 for 238Pu and from 7.6 to ~9.7 for " 2 C m .

With increasing use of nuclear energy, particularly power generation,
a need arises to understand the behavior of radionuclides released
into the environment and to assess their fate and effects in the
biosphere. In the nuclear power fuel cycle, the important transuranic
elements are Np, Pu, Am, and Cm (McKay, 1961; Thomas and
Perkins, 1974; Pigford, 1974; Pigford and Ang, 1975). Certain
isotopes of these elements are long lived and all are extremely toxic
(Stannard, 1973; Bair and Thompson, 1974). We are studying various
soil factors that influence the behavior of these transuranic elements
in soils.
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This paper is concerned with the chemical extractability of
2 3 8 Pu (TH = 87.8 years) and 2 4 2Cm (Tfe = 163 days) from soil as a
function of pH and of different soil components. Extractability
rather than sorption is emphasized here because it indicates the
fraction that might be transported in the soil and has implications for
biological availability.

MATERIALS AND METHODS

The soil used was Aiken clay loam (Ultisol), a slightly acidic
and kaolinitic soil collected near Paradise, Calif. (See Table 1 for its
properties.) Soil pH was determined on the supernatant liquid of the
1 : 1 suspension using a glass electrode system. Organic carbon was
determined by the wet combustion procedure oi Allison (1960). The
cation exchange capacity (CEC) was obtained by the ammonium
acetate method (Peech, Dean, and Reed, 1947). The extractable
cations were obtained with neutral JV NH4OAc and determined with
an atomic absorption spectrophotometer. The free iron oxides and
the HNO3-extractable manganese were analyzed by the methods of
Coffin (1963) and Bradford et al. (1975), respectively.

The influences of various soil components on the extractability
of 2 3 8 Pu and 2 4 2 Cm were determined indirectly by selective
removal of certain components and determination of the effect of
removal. In treatment 1, the soil samples (300-g lots) were
suspended in IN CaCl2 in 4-liter beakers and allowed to settle; then
the supernatant liquid was drawn off. If the supernatant liquid
appeared cloudy, it was put through a MiJlipore filter, type HA, 0.45
nm (Millipore Corporation) to recover particulate materials. The
suspension of the soil in CaCl2 was repeated five times, and the
sample was then transferred to a large Buchner funnel [Whatman No.
50, 24-cm hardened paper (W & R Balston, Ltd.)]. The soil was next
leached with double-distilled H2 O until it was free of excess CaCl2,
air-dried, and passed through a 2-mm sieve for experimental use. This
treatment removed the organic matter and salts that were water
soluble under the conditions and kept calcium as the dominant
cation on the soil exchange complex while reducing the other
exchangeable cations. Treatments 2 through 4 were applied in
sequential manner. The step-by-step details of the chemical proce-
dures used were, in general, as described by Jackson (1956). Some
modifications were made to accommodate the large bulk of soil (300
g) treated at one time. Treatment 2 was the digestion of the virgin
soil with dilute HC1, which was added as needed to maintain the pH
of the suspension between 3 and 4.5 during the digestion period.



TABLE]

CHEMICAL CHARACTERISTICS OF TREATED

Soil
treatment*

Control
1
2
3
4

•Control :

removed; 3 =
treatment 3.

pH

6.57
6.90
6.16
7.47
7.61

= virgin

Organic
carbon,t %

2.18 ±
2.08 ±
2.31 +
0.49 ±
0.43 ±

soil; 1 :

; organic matter

0.01
0.04
0.02
0.01
0.002

Cation
exchange
capacity, "j*
meq/lOOg

19.91 + 0.20
19.75 ± 0.64
20.45 ± 0.42
16.53 + 0.25
17.98 ± 0.68

[

AND UNTREATEE

£xtractable cations,
meq/100 g

Na

0.049
0.043
0.035
0.044
0.272

= H2O-soluble organic matter and

K Mg Ca

1.16 1.49 10.73
0.32 0.12 13.72
0.32 0.09 10.28
0.18 0.04 10.73
0.51 0.04 12.09

) AIKEN

Free
iron

oxides, %

14.43
14.55
14.87
15.29

1.03

CLAY LOAM

HNOi -ex tractable
Mn, %

0.18
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0.15
0.02
0.01
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This treatment removed the HCl-soluble organic matter and salts.
The main purpose of this step, which would be very important for a
calcareous soil, was to remove any carbonates present. Being acidic,
Aiken clay loam is not calcareous, but the soil samples were,
nevertheless, carried through this step in the sequence of the
procedure. After HCI treatment, a fraction of the sample was taken
for calcium treatment as described for treatment 1, and the
remaining fraction was taken to treatment 3. The calcium treatment
was applied after each step of the sequential treatments so that
calcium would be the dominant cation in the exchange complex of
each material produced. Treatment 3 was the digestion of the
samples in 30% H2O2 , which caused decomposition of organic
matter and dissolution of manganese oxides and some residual
carbonates, if any were originally present. Treatment 4 was the
digestion of samples in Na1C6HsO7—NaHCOj—Na2S2O4 mixture
to remove free iron oxides. In this treatment the soil was washed five
times with acidified IN NaCl solution before we followed through
with the calcium treatment. This was done to wash out the
Na,C6HsO7— NaHCO.,— Na2S2O4 solution before the CaCl2 solu-
tion was added.

The soil materials were contaminated and extracted by use of the
equilibrium batch method. Oven-dry soil samples (2 g each) were
placed in 50-ml polyethylene centrifuge tubes in duplicate, moist-
ened by 5 ml of distilled water, and then contaminated with 50 f*\ of
stock solution containing 23(!Pu and 2 4 2Cm in 3M HNO3. (The
doses applied are indicated in the following discussion.) The 2 3 s Pu
was present as the alpha decay daughter of 2 4 2Cm. After the samples
were contaminated, 20 ml of extracting solution, which was made by
titrating \M CH, COOH with NH4OH to different pH levels, was
added to each tube and thoroughly mixed with the sample. The
acetate ion was, therefore, constant at 0.8A/ over the entire pH range
studied. The suspensions were allowed to equilibrate for 48 hr, with
periodic vigorous mixing, and then centrifuged. The portion of
radionuclides in the supernatant liquid is designated as the extract-
able fraction.

For radioassay, 10-ml aliquots of the supernatant liquid were
prepared for counting according to the method devised by Wood et
al. (1976). In this method organic matter and silica were eliminated
with HNO3 and HF, respectively. The 21( lPu and 2 4 2Cm were
isolated by coprecipitation with iron and were purified by cation
exchange techniques. The final eluate is evaporated to dryness on
stainless-steel planchets and counted with an alpha spectrometer
(Ultima, Model IT-5000 Ino-tech, Inc.) equipped with four input
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router and silicon surface barrier detectors 2.54 in. in diameter
(Model Br-028-450-100, Ortec, Inc.). Counting was done to an
accuracy of 5% fractional error at the 5% significance level or better.

RESULTS AMD DISCUSSION

Figure 1 shows the effect o[ pH on the extractability of 2 4 2 Cm
from Aiken clay loam chemically treated to remove various
components. Th:> 2 4 2Cm extractability of the untreated soil (con-
trol) increased initially from pH 2.8 to a maximum at about pH 4.9
and then decreased with increasing pH to a minimum between pH
8.6 and 9.7. The extractability within this range was 0.11 to 0.14^
of dose. Above pH 9.7, it increased rapidly to about 15% at the last
point of measurement, pH 11.2.

Treatment 1, which removed mainly water soluble organic matter
and salts, tended to increase 2 4 2Cm extractability relative to the
control in the range below pH 5.0. Above pH 5.0, extractability
generally paralleled that of the control, with the minimum extraction
(0.05% of dose) occurring around pH 10.1. Upon statistical analysis,
treatment 1 was not found to be significantly different from the
control at the 95% confidence level over the entire pH range studied.
Treatment 2, which removed the HCl-soluble materials, also was not
significantly different from the control. The general form of the
curves for these treatments will be discussed later.

Treatment 3, which removed mainly the organic matter and
manganese oxides, caused drastic enhancement of the 2 4 2Cm
extractability in the range below pH 7.9. Above pH 7.9, extract-
ability remained very low, with the minimum (0.05% of dose)
occurring at the last point of measurement (pH 11.4). Treatment 3
was significantly different from treatment 2 in the ranges below pH
7.7 and above pH 10 at the 95% confidence level. Part of the
enhancement below pH 7.7 might be caused by the appreciable
reduction in the CEC (Table 1), but the major portion was caused by
removal of organic matter and manganese oxides. This implies that
the major fraction of 2 4 2Cm was associated with these materials,
which are known to fix heavy elements (Jenne, 1968; Anderson and
Jenne, 1970). Of these materials, organic matter appeared to have
played the dominant role in fixing 2 4 2Cm. This statement is
supported by the fact that 2 4 2 Cm extractabilily was very low above
pH 9.7 after this treatment. The high 2 4 2Cm extractability before
treatment 3 in the range above pH 9.7 was caused by extraction of
aJkali-solubJe organic matter. This was evidenced by the fact that the
extracts became increasingly dark brown in color above pH 8, but
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Fig. 1 Effect of pH on extractability of 2 4 2 Cm from contaminated
Aiken clay loam chemically treated to remove various components
(CH3COOH—NH4OH system), (a) After treatment 3. (b) Before
treatment 3. Each point represents the mean of two samples. • — • ,
control. X—X, treatment 1. A —A, treatment 2. o—o, treatment 3.
D — D , treatment 4. See text for discussion of treatments.
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they were colorless below that level. The high extractability of soil
organic matter in alkaline solutions is well-known (Mortensen, 1965;
Kononova, 1966). The manganese oxides formed under natural
conditions are likely to be only slightly soluble under alkaline
conditions. Sorption rather than solution of 2 4 2Cm is likely to be
the dominant factor. One factor contributing to the very low
extractability ur;uer alkaline conditions probably was the formation
of insoluble hydroxides of 2 4 2Cm.

Treatment 4, which removed the free iron oxides, significantly
reduced (at the 95% confidence level) the 2 4 2Cm extractability
relative to treatment 3 in the range below pH 7.9 and at pH 1.1.4.
Extractability after treatment 4 was not significantly different from
that after treatment 3 in the intervening pH range. The effect
observed might occur as a result of the blocking action of free iron
oxides before their removal and/or the exposure of additional
sorption sites with the removal of free iron oxides. One evidence for
additional sorption is the increase of CEC relative to that after
treatment 3 (Table 1). The blocking action of free iron oxides can be
surmised from the fact that iron oxides occur as cementing materials
and partial coatings on the surface of clay micelles and as discrete
oxide particles (Mehra and Jackson, 1960; Jenne, 1968; Anderson
and Jenne, 1970; Carroll, 1958).

Figure 2 shows the effect of pH on the extractability of 2 3 8Pu.
The 2 3 8 Pu extractability of the control soil increased initially, from
about 8% of dose at pH 2.8 to about 12% at pH 4.9, and then
decreased rapidly to a minimum (0.6%) at pH 8.6. Above pH 9.7, it
increased rapidly to about 31% at pH 11.2.

Treatment 1 significantly enhanced 2 3 8 Pu extractability (ai. the
95% confidence level) relative to the control at pH 3.99 and 4.91,
but it was not significantly different from the control at other pH
levels. The cause of the increase at 3.99 and 4.91 has not been
determined. The 2 3 8Pu extractability after treatment 2 was not
significantly different from the control. The general form of the
curves over the entire pH range of these treatments was quite similar
to that for 2 4 2Cm before treatment 3 (Fig. 1). Thus the discussion
of the general form of the extractability curves is applicable to both
2 3 8 P u a n d 2 4 2 C m .

Treatment 3 significantly enhanced 2 3 8 Pu extractability at pH
4.1 and 5.0 and significantly reduced it at pH 9.9 and 11.3 relative to
treatment 2. It was not significantly different from treatment 2 at
other pH levels. Comparing the marked reduction of 2 3 8Pu
extractability above pH 9.9 with that of the control and of
treatments 1 and 2 indicated that, like 2 4 2Cm, a significant amount
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Fig. 2 Effect of pH on extractability of 2 3 s P u from contaminated
Aiken clay loam chemically treated to remove various components
(CH3COOH-NH4OH system), (a) After treatment 3. (b) Before
treatment 3. Each point represents the mean of two samples. * — • ,
control. X X, treatment 1. A — A , treatment 2. o—o, treatment 3.
a — • , treatment 4. See text for discussion of treatments.
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of 2 3 8Pu was associated with alkali-extractable organic matter. The
results al'jo indicate that, under high alkalinity, 2 3 8 Pu is precipitated
in insoluble form and/or strongly sorbed on certain inorganic mineral
components.

Treatment 4 significantly reduced 2 3 8Pu extractability relative
to treatment 3 below pH 8.8. Above pH 8.S, extractability was low
(0.2 to 0.4% of dose) to the last point of measurement (pH 11.4).
These results suggest that 2 3 8 Pu was quite strongly sorbed on certain
inorganic mineral components and that the presence of free iron
oxides could have a partial interference effect on sorption.

Comparing extractabilities of 2 3 8Pu and 2 4 2Cm shows several
differences. In the control soil extractability of 2 3 8 Pu at and below
pH 4.9 was not significantly different from that of 2 4 2Cm, but
above pH 4.9, extractability of 2 3 8Pu was greater (compare Figs. 1
and 2). The difference was small, except at pH 11.2, but was
significant at the 95% confidence level. The much greater extract-
ability of 2 3 8 Pu at pH 11.2 suggests, perhaps, that 2 3 8Pu was more
strongly associated with alkali-soluble organic matter than was
2 4 2Cm. This effect may be due, in part, to the different valence
states of these radionuclides. After treatment 3 2 " 2 Cm extractability
was significantly greater than that of 2 3 8 Pu below pH 8, but, above
pH 8, 2 3 8 Pu extractability tended to be slightly greater than that of
2 4 2Cm. The precise nature of this difference is still to be
determined. Part of the difference could be caused either by the
stronger complexation of 2 4 2Cm by acetate ions or by its much
weaker sorption energy than 2 3 8Pu under acidic condition. The
valence states of these nuclides may also be involved here. The
reversal of extractability above pH 8 may perhaps relate to the state
of hydrolysis of the nuclides.

The general form of the extractability curves among the control
and treatments 1 and 2 were similar for both radionuclides studied
(Figs. 1 and 2). The curves increased initially, from about pH 2.8 to a
maximum around pH 4.9, and then decreased rapidly to around pH
7.7. In the range between pH 7.7 and about pH 10, the extractability
remained low but then increased sharply above pH 10.

The initial increase of extractability is caused by increasing
complexation of the radionuclides. The initial pH value was due only
to the weakly ionized CH3COOH. Then NH4OH, added to increase
the pH, interacted with CH3COOH to form NH4 and CH3CO0r ions.
The NH4 ions engaged in the exchange displacement of part of the
radionuclide ions, and the CH3COO~ ions formed complexes with
them. With increasing addition of NH4OH, a peak (around pH 4.9)
was attained at which the common ion effect became operative.
When more NH4OH was added, the ionization of CH3COONH4, and
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thus the formation of acetate complexes of the radionuclides, were
progressively repressed and, in turn, sorption of the hydrolysis
products of the radionuclides became progressively dominant.
Hydrolyzable metal ions are progressively hydrolyzed with increasing
pH (Keller, 1971; Kepak, 1974). In addition to the decrease in the
concentration of competing H+ ions, the decrease of radionuclide
charge caused by its hydrolysis gives rise to favorable conditions for
increased sorption (James and Healy, 1972) and, therefore, to
reduced extractability. According to James and Healy, hydrolytic
products may be sorbed by the formation of hydrogen bridges
between the OH groups of the sorbent and the product of hydrolysis.
Polyvalent radionuclides may pass from ionic to colloidal form via
their hydrolysis, precipitation, coprecipitation, or adsorption under
various conditions (Schubert and Conn, 1949; Kepak, 1971). In the
region of very low extractability, the radionuclides probably were
predominantly in polydisperse colloidal forms. The sharp increase of
radionuclide extractability above pH 10 was caused by high
extractability of alkali-soluble organic matter, which probably
carried the radionuclides in chelated or complexed form. With
increasing concentration of the potential-determining OH" ions, the
sorbent and the sorbed colloidal hydroxide may obtain a negative
charge, and the sorption may decrease because of mutual repulsion.
The low radionuclide extractability after removal of organic matter
indicates that the latter mechanism was minor, if important at all.

The distribution coefficient (Kd), as defined by Mayer and
Tompkins (1947), is a measure of the ratio of activities in the solid
phase to those in the liquid phase. Since extractability rather than
sorpticn was emphasized here, the distribution coefficient is defined
as the reciprocal of Kj, i.e.,

where Mj = activity in the liquid phase
Ms = activity in the solid phase
m = mass
v = volume of solution (ml)

The Kd values ranged from 3.5 x 10~4 to 2.7 x 10"2 for 2 3 8 Pu and
0.9 x 10~4 to 1.4 x 10~2 for 2 4 2Cm over the pH range studied
(Table 2). The minimum Kd values occurred in the range from pH
8.6 to 9.7.
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TABLE 2

DISTRIBUTION COEFFICIENT (Kd) OF 2 3 8Pu AND 2 4 2Cm
IN UNTREATED AIKEN CLAY LOAM,*

CH3COOH-NH4OH SYSTEM

K,i (x 10"")+

pH 23KPu

2.81 56.2 ±12.7 64.2 ± 2.2
4.07 59.8 ±10.0 77.4 ±8.7
4.91 87.1 ±3.8 101.6 ±2.6
5.83 49.9 ± 1.2 49.9 ± 1.5
6.53 37.8 ±6.1 22.7 + 1.1
7.58 11.8 ±0.2 5.0 ±0.4
8.56 3.5 ± 0.2 1.1 ± 0.01
9.70 4.6 ±0.3 0.9 ±0.3

11.19 269.9 ±27.0 141.7 + 14.1

*Dose: 238Pu = 34,991 ± 4323 counts/min; 2 4 2Cm = 24,883 + 2425
counts/min.

tKj is the ratio of activities in the liquid phase per unit volume to that
in the solid phase per unit weight. The values given are means of two
samples with standard deviation calculated across samples.

GENERAL DISCUSSION

The results show that the influence of various soil components
on the chemical extractability of ' 3 8 Pu and 2 4 2 Cm depends to a
considerable extent on pH. The extractability of these elements from
untreated soil was minimal in the range from around pH 8 to about
pH 10 and was relatively great at both ends of the range (Figs. 1 and
2). Some practical implications may be derived from these results in
the event of a real contamination by the ionic form of these
radionuclides. Under highly alkaline conditions (above pH 10), a
kaolinitic soil of high organic matter is likely to show a relatively
high mobility of these radionuclides under the leaching action of
water. Extreme pH values (much less than 3 or above 10) are not
likely to be found in nature but might occur in limited areas in the
event of industrial release of strongly acidic or alkaline materials.
Aside from this environmental implication, extreme pH levels are of
interest from the standpoint of chemical analysis of contaminated
soils.

The pH range for plant growth is between 3 and 10 (Arnon,
Fratzke, and Johnson, 1942; Arnon and Johnson, 1942; Small,



414 NISHITA

1954). Since at both extremities of this range plants face varying
degrees of toxicity and other nutritional problems, depending on the
plant species, the optimum range for plant growth is usually
narrower. In any case, within the range from pH 3 to 10, both 2 3 8 Pu
and 2 4 2 Cm were more readily extractable on the acidic side of
neutrality than on the alkaline side. This suggests that these
radionuclides would be more readily available for plant uptake in the
acidic pH range.

The relatively high extractability of 2 3 8Pu and 2 4 2Cm under
strongly acidic conditions (< pH 3) indicates that these radionuclides
are likely to be relatively highly mobile under conditions of high
acidity and leaching action of water. This would occur whether the
soil was high in organic matter or devoid of it. Under strongly acidic
conditions the H+ ions become the dominant factor.

In considering the implications of these findings, we must keep in
mind several modifying factors. One is the soil. These results were
obtained with a soil containing predominantly kaolinite, which is
well-recognized as a 1 : 1 type of clay mineral. Soils containing
predominantly 2 : 1 type of clay minerals may give somewhat
different results. Another factor is the method of soil contamination.
In this study an aqueous suspension of the soil was contaminated,
equilibrated, and then suspended in the extractant. If the soil had
been dried before the extractant was added or if the oxide form of
the radionuclides had been added to the soil, extractability could
conceivably be lower. A third factor is the nature of the extractant.
The present extraction system is a complexing one because of the
presence of acetate ions. A noncomplexing extraction system could
give somewhat different results. The relative effects of these factors
are still to be determined.

In summary, the results showed that several soil components,
particularly organic matter, influenced the extractability of 2 3 8Pu
and 2 4 2 Cm. The influence of these components depends on the pH,
which very likely affected hydrolysis, precipitation, coprecipitation,
and adsorption of these radionuclides, as well as on the soil
components themselves.
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CHEMICAL TRANSFORMATIONS OF CADMIUM
AND ZINC IN MISSISSIPPI RIVER SEDIMENTS
AS INFLUENCED BY pH AND REDOX POTENTIAL

R. A. KHALID, R. P. GAMBRELL, and W. H. PATRICK, JR.
Laboratory of Flooded Soils and Sediments, Department of Agronomy,
Louisiana Agricultural Experiment Station, Louisiana State University,
Baton Rouge, Louisiana

ABSTRACT

The cycling of sediment-bound metal pollutants among various geochemical
forms is strongly influenced by changes in pH and oxidation—reduction (redox)
potential of sediment—water systems. A study was conducted on Mississippi
River sediment material under conditions of controlled pH (5.0, 6.5, and 8.0)
and redox potential (—150, 50, 250, and 500 mV) to determine the effect of
these parameters on the chemical forms and distribution of added zinc and
cadmium in a simulated dredge slurry. The levels of added zinc and cadmium in
the various chemical fractions were strongly influenced by suspension pH. Lower
sediment pH tremendously increased the concentrations of zinc and cadmium in
the readily bioavailable water-soluble and exchangeable forms. The effect of
redox potential was evident for cadmium at only pH 5.0, where a lower redox
potential resulted in added cadmium's being converted to more strongly
adsorbed forms. The results of this study indicate that adsorption by or
coprecipitation with oxides and hydroxides of iron and manganese was the
important regulatory process governing the availability of zinc in this sediment-
water system. Cadmium adsorbed by cation exchange processes and complexed
with insoluble organic material constituted the major pools of reactive cadmium,
influencing its availability.

The possible adverse effects of toxic and potentially toxic metals on
water quality have received considerable attention in recent years.
Concern has focused on the direct effects <•>: these toxicants on
aquatic and benthic organisms within waterways and on bioaccumu-
lation of these metals in food webs and tb •> possible implications for
human populations. Waterways are of particular significance to the
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geochemical cycling of toxic and potentially toxic metals. Most of
the toxic and nutrient metals entering waterways from natural and
anthropogenic sources become associated with the solid phase at the
bottom of the waterways. Although some complex equilibriums exist
which support low levels of soluble metals in the overlying surface
water, sediments serve as effective sinks for these metals because of a
number of metal-immobilization reactions that are supported by the
physical, chemical, and biological properties of sediments. In many
waterways, particularly near waste outfalls, large quantities of heavy
metals and biostimulants that may be toxic at high levels have
accumulated in sediments.

Metals associated with sediments can be grouped into three
general availability categories. The chemical forms considered most
available to aquatic and benthic organisms are the soluble and
exchangeable forms. Soluble metals are the quantity dissolved in
surface and interstitial waters. Exchangeable metals are adsorbed as
cations by electrostatic attraction to fixed, negatively charged sites
found on colloidal mineral solids and organic materials. Exchange-
able forms are thought to exert a considerable effect on soluble levels
(Andelman, 1973). On the other end of the availability spectrum are
metals that are fixed within the lattice of crystalline minerals as
essential constituents. They become available only by mineral
weathering over geologic time. Between these extremes are a number
of chemical forms that are potentially available to biota. Most of the
toxic metals in sediments are associated with the potentially available
forms, especially in contaminated sediments. Some metals in
potentially bioavailable forms can be transformed to the more
readily available forms by changes in the physicochemical environ-
ment of the sediment—water system (Gambrell, Khalid, and Patrick,
1976). Chemical forms and regulatory processes that limit the
solubility and thus the bioavailability of metals in sediment—water
systems include: (1) metal precipitation as insoluble sulfides in
reduced sediment environments (Krauskopf, 1956; Engler and
Patrick, 1975); (2) metel adsorption or coprecipitation with colloidal
hydrous oxides of iron and manganese, primarily in oxidized
environments (Taylor and McKenzie, 1966; Jenne, 1968; Lee, 1975);
and (3) metal complex formation with insoluble humic materials
(Schnitzer and Skinner, 1966; Stevenson and Ardakani, 1972;
Leland, Shulka, and Shimp, 1973).

At present relatively little is known about the geochemical
cycling of these toxicants in sediment—water systems. Some informa-
tion is available on individual processes regulating their mobilization
and immobilization and on physicochemical factors influencing these
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processes. Little is known, however, about the relative effectiveness
of various regulatory processes in a natural sediment—water system
and the interactions among these processes which affect the net
availability of the metals. Concern has been expressed that, when
sediments (especially highly polluted sediments} are disturbed, as
during dredging and disposal of dredged material, water quality may
be adversely affected by chemical transformations that enhance the
bioavailability of sediment-bound toxicants (Smith, 1976; Lee,
1976). A number cf factors are known to affect the stability of the
metal—solid-phase relationship. We are concerned here with two of
these factors, pH and the oxidation—reduction (redox) potential of
aqueous systems, which are known to influence the geochemical
forms and thus the bioavailability of metpls (Hem, 1972; Khalid et
al., 1977; Gambrell, Khalid, and Patrick, 1976).

Our objective was to determine the effect of pH and redox
potential on the distribution among various chemical forms of
soluble zinc and cadmium added to sediment—water systems under
controlled laboratory conditions.

MATERIALS AND METHODS

Incubation of Sediment Suspensions

Sediment and surface-water samples were collected from the
Mississippi River a few kilometers downstream from the main harbor
area of New Orleans, La. Care was taken to minimize exposure of the
sediment material to atmospheric Oa during transportation and
storage before incubation at controlled pH and redox potential.
Some properties of the sed'ment material used are shown in Table 1.
Wet sediment material, equivalent to 200 g of oven-dry solids, was
transferred to 2-liter three-necked flat-bottom flasks. Sufficient
surface water was added to each flask to produce a solids-to-water
ratio of 1 : 8, which approximates a typical dredged slurry. The
sediment suspensions were equilibrated at 30 ± 1°C at controlled pH
and redox potentials using the system developed by Patrick,
Williams, and Moraghan (1973), with some modifications. The
sediment—water system was kept in suspension by continuous
stirring with a magnetic stirrer. Three suspension pH levels (5.0, 6.5,
and 8.0) were selected and maintained with IN NaOH or IN HC1.
Four redox-potential treatments (—150, 50, 250, and 500 mV),
ranging from strongly reduced to well oxidized, were studied at each
pH level. Air, N2 , and H2 were used to control redox potentials at
desired levels. After sediment suspensions were incubated 12 to 14
days at the selected pH and redox-potential levels, duplicate



TABLE 1 ^

CHARACTERISTICS OF SEDIMENT MATERIAL §
o

Redox _ , _ Cation exchange ...
potential, tarpon, /o capacity, Total Zn, Totaled, Sulfide, >

pH mV Clay, % Organic C03—C meq/100 g /ig/g /̂ ip'g Mg/g §j

6.95 70 36 1.16 0.19 19.2 113 4.7 * r

Predominant clay mineralst 2
Q

Coarse clay (2 to 0.2 H): Montmorillonite, 15%; vermiculite, 15%; kaolinite, 10%; illite, 5% ^
Fine clay (<0.2 [1): Montmorillonite, 40%; chlorite—vermiculite, 15%; kaolinite, 10% >

*Not detectable. o
tApproximate percent of total crystalline minerals identified by X-ray diffraction and

calculated from peak areas (Caldwell, 1976).
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sediment-suspension aliquots were removed for sequential chemical
fractionation of indigenous zinc and cadmium under O2 -free
conditions according to the procedures described in the following
paragraphs. At the time of initial fractionation, sediment suspensions
were also analyzed for total elements and sulfides. After the initial
chemical fractionation, increments of 1, 5, 30, 75, and 150 jug/g of
zinc and cadmium solids, as soluble chlorides, were added at 24-hr
intervals. After addition and 24-hr equilibration of zinc and cadmium
increments (cumulative addition of 260 jug/g of each element), the
sediment suspensions (nonreplicated) were extracted for selected
chemical fractions as described in the following sections.

Chemical Fractionation

Zinc and cadmium in sediment suspensions were sequentially
fractionated into: (1) total water-soluble; (2) soluble-complexed;
(3) exchangeable; (4) reducible; (5) diethylenetriaminepentaaeetic
acid (DTPA) extractable (strongly complexed or chelated with
insoluble organic matter); and (6) residual organic-bound fractions. A
separate sample was taken for total elemental analysis.

Total Water-Soluble Fraction

An 85-ml aliquot was withdrawn with a glass pipette—plastic
syringe assembly that had been purged with N2 immediately before
sample removal. This aliquot was injected through a serum cap into a
sealed 500-ml polycarbonate bottle in which the atmosphere had
been replaced with O2 -free N2 . The suspensions were centrifuged at
6000 rpm for 20 min, and the supernatant solution was filtered,
under an O2 -free atmosphere, through a 0.45-jU membrane filter into
a receiving flask containing 3 ml of 0.5iVethylenediaminetetraacetic
acid (EDTA). A solution of 0.5AT EDTA was used as a sample
preservative at the rate of 1 ml/25 ml filtrate for all extractions
except the DTPA-extractable and total fractions, for which no
preservative was required. The samples were stored in polyethylene
bottles at 4°C before elemental analysis.

Soluble-Complexed Fraction

An 85-ml suspension aliquot was removed from the incubation
flask, centrifuged, and filtered as described for the water-soluble
fraction. However, the supernatant solution from the centrifuge
bottles was passed through a cation-exchange resin bed (sodium
form, 100 to 200 mesh) connected to the filtering funnel to remove
free cations. The extraction was carried out under a N2 atmosphere.
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The filtrate was stored at 4°C before analysis of ions complexed with
soluble inorganic and organic materials.

Exchangeable Fraction

Sufficient IN NaOAc solution, adjusted to the suspension pH,
was added to the residual solid material from the water-soluble
fraction to obtain a 1 : 10 solids-to-extractant .ratio. The sediment—
extractant mixture was purged with N2 , shaken for 2 hr, centrifuged,
and filtered as described for the water-soluble fraction-. The residual
material was shaken with 50 ml of distilled, deionized water for
15 min, centrifuged, and filtered. The filtrates were combined and
stored at 4°C.

Reducible Fraction

The residual solid material from the exchangeable fraction was
extracted with 0.15M oxalic acid + 0.25M NH4 oxalate solution as
described for the exchangeable fraction, except that a solids-to-
extractant ratio of 1 : 20 was used. An extraction with 50 ml
distilled, deionized water was also carried out, and both filtrates were
combined for analysis.

DTPA-Extractable Fraction

A solution of 0.05M DTP A and 0.2N NaOAc, adjusted to pH 7,
was added to the residual material from the reducible extraction in a
solids-to-extractant ratio of 1 : 10. This extraction was also carried
out as described for the exchangeable fraction. The filtrate was
stored at 4°C.

Residual Organic-Bound Fraction

The residual solid material from the DTPA fraction was digested
at 95°C with 30% H2O2 for several hours to oxidize organic matter.
The digested material was then extracted with IN NaOAc, adjusted
to pH 2.5 (Engler et al., 1974), as outlined for the exchangeable
fraction.

Total Elements

From each treatment, 9 ml of sediment suspension was trans-
ferred to Teflon beakers. Thirty milliliters of concentrated HF and
20 ml of concentrated HN03 were added to the beakers, which were
then loosely covered with Teflon caps and allowed to stand for 2 hr
under the hood. Four milliliters of 6N HC1O4 was then added, and
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the mixture was heated at a low temperature on a hot plate until the
dense fumes of HCIO4 subsided. The mixture was cooled; the sides
of the beakers were washed with a minimum of distilled, deionized
water; and the material was evaporated to dryness. The residue was
dissolved in hot, concentrated HC1 and diluted to 50 ml. The digest
was stored in polyethylene bottles for analyses.

Before extraction, NaOAc and NH4 oxalate solutions were
passed through sodium- and NH4-saturated cation-exchange resin
beds, respectively, to eliminate any heavy metal contamination from
these reagents. Reagent grade HNO3 and HC1 used in the study were
distilled before use. Sodium hydroxide used for pH adjustment was
also passed through a sodium-saturated cation-exchange resin. The
concentrations of zinc and cadmium in various extracts were
determined by flame atomic absorption. The concentrations of
indigenous cadmium in the water-soluble, soluble-complexed, and
exchangeable fractions were measured by flameless atomic absorp-
tion in a graphite furnace by the standard addition technique
described by Gambrell et al. (1977). Total and free (H2S) sulfides
were determined by the iodimetric procedure recommended by
American Public Health Association (1960). Contamination of zinc
and cadmium from filters used for filtration was found to be
negligible.

RESULTS AND DISCUSSION

In this study we tried to simulate a sediment water system
receiving high levels of zinc and cadmium contamination from
industrial or municipal waste discharges. The influence of pH and
redox potential on the chemical transformations of these metals in a
Mississippi River sediment suspension is reported. The zinc and
cadmium levels found in the initial chemical-fractionation piocedure
were subtracted from the levels measured after accumulative addi-
tions of 260 jug/g solids to determine the recovery of the added zinc
and cadmium. The distribution of indigenous zinc and cadmium, as
affected by various pH and redox-potential treatments, is reported
elsewhere (Gambrell et al., 1977).

The purpose of our extraction procedure was to indicate the
phases that may participate in chemical and biological transforma-
tions in oxidized and reduced sediments. This sequential fractiona-
tion procedure was based on the work of Gotoh and Patrick (1972;
1974) and Engler et al. (1974), with modifications incorporated as
deemed necessary to make the procedure more reproducible, as well
as more practical. Although the fractionation scheme developed in
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this study may have some limitations with regard to overlapping in
the extraction of certain chemical forms or to nonconformity of
designated chemical fractions to the conventional definitions, the
procedure takes into account the functional properties of various
sediment components related to metal—ion availability rather than to
traditional sediment geochemistry.

Distribution of Added Zinc and Cadmium Among Selected Chemical Forms

The recovery of added zinc in the various fractions is presented
in Table 2. The data show that the relative distribution of added zinc
in the selected chemical fractions was strongly influenced by pH; the
effect of redox potential was negligible. Concentrations of zinc in the
various fractions studied showed the following general trends:

at pH 5.0, water soluble « exchangeable > reducible > residual
organic bound > DTPA extractable

at pH 6.5, reducible > exchangeable > residual organic bound «
DTPA extractable « water soluble

at pH 8.0, reducible > DTPA extractable > exchangeable >
water soluble > residual organic bound

The results summarized in Table 3 show that the relative
distribution of added cadmium in various chemical fractions was
dependent on pH. The effect of redox potential was noticeable only
at pH 5.0, where the concentration of water-soluble cadmium at
—150 mV was considerably lower than at higher redox-potential
treatments. The recovery of exchangeable cadmium was also less in
this treatment; this suggests that at pH 5.0 cadmium was more
strongly adsorbed under reduced conditions than under oxidized
conditions. Most of the adsorbed cadmium was recovered in the
residual organic-bound fraction. The quantity of cadmium in the
fractions studied followed the general order:

pH 5.0, water soluble > exchangeable g> DTPA extractable *&
reducible «* residual organic bound

pH 6.5, exchangeable > DTPA extractable > residual organic
bound ** water soluble > reducible

pH 8.0, exchangeable > DTPA extractable > residual organic
bound > reducible > water soluble

Though the treatments were not replicated in this study, the data
obtained were from incremental changes in treatment levels, and in
most cases a strong trend was observed. Also, zinc and cadmium
levels in similar studies of two additional sediment materials gave
timilar responses to treatment levels (Gambrell et al., 1977).



TABLE 2

THE EFFECT OF pH AND REDOX POTENTIAL ON THE CHEMICAL FORM AND
DISTRIBUTION OF ADDED ZINC IN MISSISSIPPI RIVER

SEDIMENT SUSPENSIONS*

•Additions total 260 jug Zn/g oven-dry solids. The solids-to-water ratio in sediment suspensions was
1 : 8 .

fNot determined.
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Fraction

Total water soluble
Soluble complexed
Exchangeable
Reducible
DTPA extractable
Residual organic bound

ft

-150

41.6
0.5

45.4
13.9
0.0
4.4

Zn recovered
at pH 5.0

50

41.1
0.7
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0.0
0.4

250
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0.3
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0.0
0.6

500

39.9
0.3
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0.3

% Zn recovered
at pH 6.5

1

Redox potential, mV
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0.3
0.3
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1.7
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2.9

23.3
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1.5
1.9
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73.1
1.7
4.1

500

1.8
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0.1
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TABLE 3

THE EFFECT OF pH AND REDOX POTENTIAL ON THE CHEMICAL FORM AND
DISTRIBUTION OF ADDED CADMIUM IN MISSISSIPPI RIVER

Fraction

Total water soluble
Soluble complexed
Exchangeable
Reducible
DTPA extractable
Residual organic bound

SEDIMENT SUSPENSIONS*

% Cadmium recovered
at pH 5.0

-150

38.8
0.1

29.9
5.0
4.4

15.4

50

53.8
0.1

38.9
1.6
3.1
1.0

250

56.7
0.0

31.1
2.3
2.6
0.5

500

52.5
0.0

38.8
2.7
2.7
0.3

% Cadmium recovered
at pH 6.5

Redox potential,

—150

6.S
0.0

46.9
3.6

11.7
7.4

50

4.4
0.0

43.0
3.8

10.9
6.6

250

4.3
0.0

45.4
3 7

11.8
4.6

mV

500

6.2
0.0

41.1
8.6

18.1
3.5

% Cadmium recovered
at pH 8.0

-150

0.5
t

23.9
6.2

17.8
17.3

50

0.5
t

31.1
5.5

16.3
11.0

250

0.4
t

23.1
5.9

19.3
12.1

500

0.2
t

16.7
88

24.8
14.0

H
A

L

a
o>
CD

m
r-

N
D

 
P

A
T

R
IC

K

•Additions totaled 260 /jg Cd/g oven-dry solids. The solids-to-water ratio in sediment suspensions
was 1 : 8.

fNot determined.
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An examination of zinc and cadmium data strongly indicates
that, if high levels of soluble zinc and cadmium are added to
near-neutral or slightly alkaline sediments, essentially all the cad-
mium and zinc will become associated with the sediment solids. A
decrease in sediment pH to 5.0 was accompanied by a large increase
in water-soluble zinc and cadmium, accounting for 40 to 44% of
added zinc and 39 to 54% of added cadmium. The effect of pH on
the speciation of zinc and cadmium is well documented. Acidic
conditions favor the stability of the hydrated divalent cations (Zn2+

and Cd2+) and of soluble chloride complexes (Hem, 1972; Hahne and
Kroontje, 1973). In our study the CV content of the sediment
suspensions increased with decreasing pH because HC1 was used to
maintain pH at 5.0 and 6.5. The increase in Cl" content because of
pH adjustment to 5.0 ranged from 1137 to 1312/ug Cf/ml in the
suspensions. At pH 6.5 only 92 to 320 fig Cf/ml was added when
HC1 was used to control pH. Sodium hydroxide was used to maintain
pH 8.0. This means that, at the Cl~ concentration present at pH 5.0,
~50% of soluble cadmium will be present as Cd2+, 40% as CdCf, and
~10% as CdCl2 species (Hahne and Kroontje, 1973). The very low
concentrations of cadmium present in the soluble complex fraction
in our study do not support the theoretical calculation suggested by
Hahne and Kroontje (1973). However, it is likely that under acidic
conditions trace metals adsorbed by the amorphous hydrated oxides
of iron and manganese may be released as a result of hydrogen ion
displacement or that coprecipitated metals may be released as a
result of dissolution of some of the hydrous oxides. It is also likely
that an increase in zinc and cadmium solubility at pH 5.0 may result
from the greater competition for exchange sites by iron, manganese,
and perhaps aluminum released at this pH. When the sediment pH is
increased from 5.0 to 6.5 and 8.0, the formation of sparingly soluble
complexes with hydroxides and carbonates may limit zinc and
cadmium solubility, respectively.

Complexation of zinc and cadmium with soluble inorganic and
organic ligands did not play a significant role in keeping metal ions in
solution. Essentially all the water-soluble cadmium and zinc was
present in a free ionic form. This lack of significant metal-ion
complexation with soluble organic material may be caused by a very
low concentration of soluble humic materials in relation to concen-
trations of available metals. Gardiner (1974a) reported that the ratio
of complexed to uncomplexed cadmium would depend on the
concentration of ligands and the stability constant and not on total
cadmium concentration. In unpolluted water containing very little
humic material, ~90% of the cadmium was present as the free ion.
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Soluble inorganic complexes, such as CdOH+, CdCl\ and
accounted for the remaining soluble cadmium (Gardiner, 1974a).

It is well known that, in reduced soils and sediments containing
sulfide, the precipitation of insoluble metal sulfides is important in
controlling the soluble levels of toxic metals (Gambrell et al., 1976;
Engler and Patrick, 1975; Hem, 1972; Holmes, Slade, and McLerran,
1974). In this study, however, the absence of total and free (H2S)
sulfide in the Mississippi River sediment suspensions incubated under
reduced conditions may have contributed to the presence of
appreciable amounts of added zinc and cadmium in the easily
bioavailable water-soluble and exchangeable fractions. In similar
studies of zinc and cadmium adsorption in reduced sediments
containing significant amounts of sulfides, little of the added zinc
and cadmium was recovered in soluble and exchangeable forms in
comparison with better-oxidized treatments in which no sulfide was
present (Gambrell et al., 1977).

Mechanism of Zinc Adsorption

Our data show that retention of added zinc by the sediment
solids was 56 to 60% at pH 5.0, >97% at pH 6.5, and essentially
100% at pH 8.0. Most of the zinc was present in the exchangeable
and reducible fractions. A relatively small proportion of added zinc
was associated with insoluble organic material, as evidenced by the
low recovery in DTPA and residual organic fractions. These results
are similar to published reports that zinc correlated less well with
mineralogy and organic matter than numerous other trace metals
(Piper, 1971) and that, in relation to iron, manganese, and copper in
near-surface reduced sediments, a greater proportion of zinc was
recovered in the reducible phase than in the fraction treated with
hydrogen peroxide (Presley et al., 1972).

The reducible phase is believed to consist of inetals strongly
adsorbed to or coprecipitated with oxides and hydroxides of iron
and manganese and is considered potentially bioavailable (Jenne,
1968; Lee, 1975; Gadde and Laitinen, 1974). Several mechanisms
have been proposed to explain the nature of this adsorption
phenomenon. Jenne (1968) suggested that hydrous oxides of iron
and manganese are present as partial coatings on the silicate minerals
in soils and freshwater sediments and that their great surface area
results in chemical activity far out of proportion to their total
concentrations. According to Jenne, the specific adsorption of zinc
and other heavy metals on surface sites, as well as solid-state
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diffusion into the hydrous oxides, makes the displacement of sorbed
ions essentially irreversible. Gadde and Laitinen (1974) also pre-
sented evidence on the specific adsorption of zinc, lead, and
cadmium by hydrous manganese and iron oxides. The magnitude of
adsorption increased with pH. They indicated, however, that the
pH-dependent adsorption of metal ions was reversible and that a
change in pH from alkaline to acidic conditions resulted in the
desorption of adsorbed material. Gambrell, Khalid, and Patrick
(1976) postulated the release of metal ions coprecipitated with
ferric oxyhydroxides as very dependent on pH and redox conditions.
Their findings agree with our results. Essentially 100% of added zinc
was recovered in the oxalate extraction at pH 8.0. This reagent is
known to dissolve amorphous and poorly crystallized oxides of iron
and manganese and to have little effect on crystalline minerals
(McKeague and Day, 1966). The possibility that zinc hydroxides
formed at alkaline pH were included in this extraction is not
completely ruled out, however. A decrease in pH from 8.0 to 6.5 and
then to 5.0 was accompanied by a proportional increase in the
bioavailable water-soluble and exchangeable zinc at the expense of
the reducible fraction. At pH 5.0 only 14 to 23% of the added zinc
was recovered in the reducible fraction (Table 2).

Literature reports indicate that a stoichiometric relationship
exists between adsorbed metals and iron and manganese hydrous
oxides and that the relationship is pH dependent. Gadde and
Laitinen (1974) found that adsorption capacities for zinc and lead
were on the order of 0.2 mole Zn/mole hydrous Mn oxide and
0.56 mole Pb/mole hydrous Mn oxide. In a related study on the
adsorption of lead on amorphous ferric oxide, Gadde and Laitinen
(1973) reported that 0.28 mole Pb/mole Fe was adsorbed at pH 6.0.
At lower pH values the amount of adsorption decreased markedly,
and a substantial amount of lead ion was released when the pH was
changed from 6.0 to 4.0. In the sediment material under study,
5,000 to 13,000 ng Fe/g solids and 100 to 900 fig Mn/g solids were
extracted in the reducible fraction at various pH—redox-potential
combinations. The levels of reducible iron and manganese were
strongly influenced by redox-potential treatment. These data are
more fully discussed elsewhere (Gambrell et al., 1977). This indicates
that the concentration of iron and manganese oxides in our study
was not a limiting factor in zinc adsorption. On the basis of our
results and of the literature reports, we can conclude that, although
these oxides act as a sink for zinc, a change in pH of sediment—water
systems under natural conditions may transform zinc in the reducible
form to more bioavailable forms.
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Mechanism of Cadmium Adsorption

The data presented in Table 3 reveal that the amount of
cadmium fixed by the sediment material ranged from 43 to >99% of
the added cadmium. In near-neutral or slightly alkaline sediments, a
substantial part of added cadmium either was present in the
exchangeable form or was strongly chelated with and incorporated
into insoluble organic matter. When the sediment pH was decreased
from 8.0 to 6.5, the exchangeable fraction increased at the expense
of the organic-bound fractions (DTPA extractable and residual
organic bound). Apparently the cadmium binding capacity of organic
material is lowered by a decrease in sediment pH. Also, at pH 6.5 the
reduction in CdCO|" stability in comparison with that at pH 8.0 may
result in more cadmium on the exchange complex. A further
decrease in sediment pH to 5.0 was accompanied by a large increase
in water-soluble cadmium, and the levels of organic-bound cadmium
were further reduced.

The fraction of cadmium adsorbed by or coprecipitated with
hydrous oxides of iron and manganese, as indicated by oxalate
extraction (reducible fraction), ranged from 1.8 to 8.8% of the total
cadmium added. These low levels of cadmium associated with iron
and manganese oxides at various pH—redox-potential combinations
suggest that adsorption by colloidal hydrous oxides is not a major
control mechanism for cadmium as advocated in the literature
(Jenne, 1968; Lee, 1975; Gadde and Laitinen, 1974). Under the
conditions of this experiment, adsorption of cadmium on the
exchange sites and complexation with insoluble organic material
constitute the major pools of reactive cadmium, influencing its
availability in sediment—water systems in the absence of sulfides.
Similar results have been reported in the literature. Lagerwerff and
Brower (1972) indicated that significant amounts of cadmium were
adsorbed by the soil and that the adsorption of cadmium increased as
the proportion of exchange sites initially holding Na+ ions increased.
They suggested that the exchange mechanism was active in cadmium
retention. Price (1976) reported that adsorption of cadmium by
exchange sites and fixation by organic material represented signifi-
cant immobilization of cadmium in Barataria Bay marsh sediments.
A study of San Francisco Bay sediments (Serne and Mercer, 1975)
showed that 92% of sediment-bound cadmium was extracted with
hydrogen peroxide treatment, indicating association of cadmium
with organics and sulfide. Humic acids present in the organic
materials are reported to be involved in the adsorption of cadmium
in soils and sediments (Schnitzer and Skinner, 1966; Stevenson and
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Ardakani, 1972; Gardiner, 1974b; Stevenson, 1975), the mechanism
of which is beyond the scope of this paper.
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CHARACTERIZATION OF SOLUBLE COPPER
SPECIES IN ESTUARINE SEDIMENTS

R. L. SCHMIDT, R. E. WILDUNG, and T. R. GARLAND
Ecosystems Department, Battelie Pacific Northwest Laboratories,
Richland, Washington

ABSTRACT

In estuarine and nearshore sediments, the formation of organo-copper complexes
may play a major role in controlling copper so'ubility and availability to the
aquatic biota. Soluble organo-copper species present in interstitial water and in
heated water aiid liV ammonium extracts of San Francisco Bay sediments were,
therefore, characterized by ultrafiltration, gel-permeation chromatography
(GPC), and thin-layer electrophoresis. Ultrafiltration demonstrated that a major
portion of copper in the interstitial waters and extracts was associated with
organic materials of < 10,000 equivalent molecular weight. The copper concen-
tration of the < 500 molecular weight fractions contained 47, 58, and 92% of the
copper in the interstitial water, heated water extract, and ammonium acetate
extract, respectively. Applying GPC to the molecular weight fractions separated
by ultrafiltration from the heated water extract demonstrated the presence of
five compound classes containing copper. These ranged from ionic species to
materials of > 100,000 equivalent molecular weight. A major portion of the
copper in the <500 molecular weight fraction was associated with a single
compound class. A GPC fraction that, on the basis of chemical properties,
appeared to contain aromatic and acidic components was subjected to thin-layer
electrophoresis. Three mobile compounds were separated, two positively charged
and one negatively charged. This information, in conjunction with more detailed
chemical characterizations, is presently being used to provide an assessment of
the bioavailable form o[ copper in sediments.

Significant enrichment of copper in interstitial waters relative to
seawater concentrations occurs in nearshore and estuarine sediments
(Brooks, Presley, and Kaplan, 1968; Duchart, Calvert, and Price,
1973). Enrichment may occur when copper is released from
sediments under reducing conditions (Duinker, Van Eck, and
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Nolting, 1974) or when organically bound copper in sediments is
released upon oxidation (Sankaranarayanan and Reddy, 1973).
Enrichment occurs even when measured redox potentials are negative
and significant quantities of sulfide are present (Presley et al., 1972);
this suggests that soluble copper in sulfide-containing waters is
stabilized in organic complexes (Hallberg, 1973). Thus an increase in
copper concentrations in the water column may result from the
diffusion of organo-copper compounds from the interstitial waters of
sediments (Hutchinson, 1957). Organo-copper complexes may subse-
quently play an important role in influencing the availability of
copper to marine organisms, and it is necessary to understand the
controls on their formation in natural waters. Understanding of these
controls is predicated on a knowledge of the chemical and physical
properties of soluble organo-copper complexes in sediments and
waters.

This investigation is a preliminary phase in a study to character-
ize the physicochemicai properties of ligands responsible for com-
plexing copper in the interstitial waters and readily extractable
fractions of sediments from San Francisco Bay. Organic materials
present in interstitial waters and aqueous extracts were concentrated
and fractionated according to equivalent molecular weight by ultrafil-
tration (UF) membranes and gel-permeation chromatography (GPC).
Thin-layer electrophoresis (TLE) techniques were applied to isolate
and further define highly mobile compounds that exhibit an affinity
for copper in the sediments.

MATERIALS AND METHODS

Sediments

Sediments from Southampton Shoal Channel, Oakland Inner
Harbor, and Redwood Creek by Corkscrew Slough in San Francisco
Bay (Fig. 1) were chosen for this study on the basis of their range in
physical and chemical properties (Battelle Memorial Institute, 1975)
(TaL-le 1). Individual grab samples of surface sediments (0 to 10 cm)
were collected by divers. The sediment samples were transported in
ice and stored at 4°C. Subsamples (~ 500 g) were taken in triplicate
while mixing. The sediments and interstitial water were separated by
gravity filtration by the method of Hajek and Wildung (1969). The
subsampling and filtration procedures were conducted at 4°C.

The sediment interstitial waters were analyzed for copper, pH,
and salinity. Copper was determined directly in solution using flame
atomic absorption spectroscopy, and comparisons were made to
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Fig. 1 Location of sampling stations. 1, Southampton Shoal Chan-
nel. 2, Oakland Inner Harbor. 3, Redwood Creek by Corkscrew
Slough.

standards prepared in 10 g/liter NaCl. The copper in the sediments
was extracted with concentrated nitric acid at 80°C for 16 hr and
determined as described by the method of standard additions.

Molecular Weight Fractionation

In addition to interstitial water, heated water and ammonium
acetate were used to remove soluble copper species sequentially from
the sediments with increasing chemical rigor while attempting to
avoid extensive hydrolysis of organic components. After centrifuga-
tion and decantation to remove interstitial water, 10-g sediments



TABLE 1

PHYSICAL AND CHEMICAL PROPERTIES OF SAN FRANCISCO BAY SEDIMENTS*

Sample
location

Southampton
Shoal
Channel

Oakland
Inner
Harbor

Redwood
Creek

Typet

Sand

Sandy,
silty
clay

Sandy,
silty
clay

Sand, Sat, % Clay,'

Cation
exchange
capacity, Organic

meq/100 g carbon, % Carbonate, %
Sulfide, Copper,

pg/g mis

r-
c
00
f

8
m
3)

m
O

91

23

12

27

31

50

56

10.6

26.2

30.3

0.1

1.2

1.3

0.1

0.6

3.3

1300

1040

29

76

110

*Data from Battelle Memorial Institute, 1975.
tSediments classified according to Wentworth, 1922.
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(dry-weight equivalent) were extracted with 50 ml of distilled water
for 5 min on an agitating water bath at 100°C. Elevated temperature
was used to accelerate leaching of copper-containing materials from
the sediments. After cent'.ifugation and decantation, 100 ml of 1JV
ammonium acetate (pH 7) was added to the water-extracted sedi-
ments, and the mixture was agitated for 30 min. The supernatant was
separated from the sediments by centrifugation, and the treatment
was repeated.

The aqueous extracts were concentrated and sequentially frac-
tionated according to molecular size by UF membranes in a 60-ml
cell equipped with a stirrer over the membrane and maintained at
4°C in an ice bath. The membranes used were capable of retaining
> 500 and > 10,000 globular-protein-equivalent molecular weight
materials. The extracts were concentrated by ultrafiltration to 15%
of the original volume and were analyzed for copper.

Gel-Permeation Chromatography

A 1-ml aliquot of the > 10,000 equivalent molecular weight
fraction of the heated water extract was lyophilized and resuspended
in 100 ;ul of distilled water. This extract was chosen for initial study
because it contained the highest total concentration of copper. The
total suspension was applied to a column containing Sephadex G-100
Fine gel (Pharmacia Fine Chemicals), which has an exclusion limit of
equivalent molecular weight > 100,000. The column was eluted at 10
ml/hr with distilled water. Measurements of differential refractive
index relative to distilled water were taken as indicative of total
solute concentration and were used to define distinctly different
fractions of column eluant. This information served as a basis for
selecting the appropriate eluant volumes for subsequent copper
analysis. We followed a similar procedure for the 500 to 10,000 and
the < 500 molecular weight UF fractions, using Sephadex G-25 Fine
gel, which has an exclusion limit of molecular weight > 5,000.

Thin-Layer Electrophoreds

An aliquot (5/xl) of the fraction containing the highest copper
concentration in the effluent from the G-100 gel column was spotted
in the center of conventional thin-layer chromatographic plates
coated with a 0.25-mm layer of MN-300 cellulose (Machery,
Nagel & Company). After being dried, the plates were sprayed with a
buffer containing glacial acetic acid, pyridine, and water
(7 : 200 : 4000) and were subjected to electrophoresis at 400 mV
and 5 mA. Whon electrophoresis was completed, the plates were
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dried, and the spots were visualized by two techniques. A brom-
cresol green stain capable o.f detecting organic acids and their salts
was applied to one plate. Another plate was stained with 2',7'-
dichlorofluorescein, which selectively reteets lipids and esters of
fatty acids, and the stained yomponents were visualized under
ultraviolet light. The fraction applied to the plates had an apparent
molecular weight > 10,000, and separation by conventional thin-layer
chromatographic methods was expected to be minimal.

RESULTS AND DISCUSSION /

Interstitial waters and aqueous extracts of sediments were
selected for initial study because organo-copper complexes in these
fractions are likely to be relatively low molecular weight, water-
soluble materials that can be expected to serve as the source of
copper most readily available to biota. The concentration of copper
in the interstitial waters of San Francisco Bay sediments did not
exceed 5% of the t<4tal copper in the sediments regardless of
sediment type and location. Since the salinity and concentration of
copper in the interstitial water were quite constant regardless of
sediment properties (amounting to approximately 26% 0 and
800 jug/liter, respectively), a single sediment was used for preliminary
investigation. Sediments from Oakland Inner Harbor were selected
for further characterization because their organic carbon content was
relatively high and initial copper analysis by X-ray fluorescence
techniques indicated that these sediments contained the highest
concentration of copper. Analysis by atomic absorption spectropho-
tometry showed that the copper content of Oakland Inner Harbor
sediments was intermediate between contents of the other two
sediments (Table 1).

A major 'portion of the copper in the interstitial water and the
heated water and ammonium acetate extracts of Oakland Inner
Harbor sediments was associated with material? of < 10,000 equiva-
lent molecular weight (Table 2). The heated water extract, often
used to remove polysaccharides, contained a significant amount of
copper-containing material of equivalent molecular weight > 10,000.
It is possible that a portion of this material resulted from
agglomeration of organic materials at elevated temperature. Of the
materials having < 10,000 equivalent molecular weight, copper in the
interstitial water was about evenly distributed between the < 500 and
the 500 to 10,000 equivalent molecular weight fractions. Copper was
present primarily in the < 500 equivalent molecular weight fraction
of the heated water and ammonium acetate extracts; this indicates
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TABLE 2

DISTRIBUTION OF COPPER IN MOLECULAR
WEIGHT FRACTIONS OF OAKLAND INNER

HARBOR SEDIMENT EXTRACTS

Extract

Interstitial water
Heated water
Ammonium acetate

Molecular weight* fractions, %

<500

47
58
92

500—10,000

53
16
8

> 10,000

0
26

0

*Molecular weight equivalent to globular organic polymer.

that coagulation caused by heating was not extensive. Copper in the
< 500 equivalent molecular weight fraction tended to increase with
sequential sediment extraction, whereas copper in the 500 to 10,000
equivalent molecular weight fractions decreased.

Separation of molecules of different sizes by GPC is based on
their degree of diffusion into gel particles of a given porosity.
Molecules large enough to exceed the exclusion limit of the gel are
eluted first, and smaller molecules are eluted from the column in
order of decreasing molecular size. The heated water extract was
used for further characterization because it was expected to contain
concentrations of copper sufficient for gel elution. The results of
GPC separation of the > 10,000 equivalent molecular weight UF
fraction of the heated water extract are illustrated in Fig. 2. The
volume equivalent to the exclusion limit for this column was 13 ml.
Copper-containing compounds, excluded from the gel and, thus,
equivalent to a globular protein of molecular weight > 100,000 (F4),
were removed from the column after elution of ~13 ml. Molecules
that corresponded to an equivalent molecular weight of < 10,000
should have been eluted from the column with 21-ml volume (F5),
but a major portion of the solute was eluted in a subsequent extract
(F6), which exhibited a yellow color and contained the highest
copper concentration. The reduced migrational velocity of material
in this fraction may have resulted from chemical reaction with the
gel.

The column used in GPC separation of the 500 to 10,000 and
< 500 molecular weight UF fractions had an exclusion volume of
16 ml. The major fraction of total solute and copper in the 500 to
10,000 molecular weight UF fraction of the heated water extract was
associated with compounds with molecular weights less than the
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Fig. 2 Separation by gel-permeation chromatography (Sephadex
G-100) of copper-containing ligands in the > 10,000 molecular
weight fraction (heated water extract) of San Francisco Bay sedi-
ments.

upper exclusion limit (F5 and F6, Fig. 3). The highest concentration
of copper was associated with unresolved materials in F5.

Four major classes of materials were resolved in the < 500
molecular weight UF fraction (Fig. 4). As for the 500 to 10,000
molecular weight UF fraction, the major portions of the total solute
and of the copper (F3 to F6) were in materials of sizes less than the
upper exclusion limit. Of particular importance is the fact that the
majority of the copper was present in F3. If all the material had a
molecular weight < 500, as suggested by ultrafiltration, it should have
eluted in F5, which represents the lower exclusion limit (i.e., the
volume of eluant required to elute molecules capable of complete
penetration of the gel). This anomaly may occur because estimates of
molecular weight in both ultrafiltration and gel-permeation chroma-
tography are based on uniformly sized and shaped globular proteins,
whereas sediment isolates may be irregular in size and shape. Further,
interaction between charged solutes and the gel matrix, which
contains a small number of carboxyl groups, is also possible. Thus
positively charged substances in this fraction may have been
retarded, and negatively charged substances may have been excluded
from the gel phase. Although the characteristics of the component in
F3 cannot be precisely defined, its chromatographic behavior
indicates that it is not a copper salt but a compound of relatively low
molecular weight that is capable of complexing copper.
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Fig. 3 Separation by gel-permeation chromatography (Sephadex
G-25) of copper-containing ligands in the 500 to 10,000 molecular
weight fraction (heated water extract) of San Francisco Bay sedi-
ments.
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Fig. 4 Separation by gel-permeation chromatography (Sephadex
G-25) of copper-containing ligands in the <500 molecular weight
fraction (heated water extract) of San Francisco Bay sediments.
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Although the methods demonstrated for separating copper
ligands are satisfactory for resolving apparent compound classes for
further study, material balances indicated that copper contamination
at concentrations significant at these levels of dilution can result
from the copper present in both filters and gel. Preliminary leaching
of glassware, filters, and gel reduces the contamination to insignifi-
cant levels. For this investigation of the applicability of available
methods for preliminary separation of ligands capable of complexing
copper, contamination was not a serious limitation.

Identification of metal ligands requires isolating the compounds
in relatively pure form from the sediment complex. In the studies
discussed here, at least five compound classes containing copper were
isolated. These materials varied in apparent molecular weight from
ionic species to species with equivalent molecular weight > 100,000.
It is possible that each of the isolated compound classes may contain
several different materials of approximately the same molecular size
with different affinities for copper.

Several options are available to separate and fully characterize
these materials. Considerable improvement in resolution of individual
compounds can be obtained with GPC by re-eluting separated
fractions through the same column or by altering column dimen-
sions, gel porosity, and eluant composition. The fractions from gel
filtration containing the highest concentrations of copper may also
be subjected to additional chemical and physical separations. In these
studies thin-layer electrophoresis was used in a prelimini.;y manner
for this purpose. The high solubility in water, the yellow color
(Sieburth and Jensen, 1968), the apparent reversible adsorption on
the gel (Gjessing, 1976), and the affinity for copper of substances in
fraction F6 of the > 10,000 molecular weight fraction (Fig. 2)
suggested that this material contained aromatic and acidic compo-
nents. This information allowed development of TLE procedures
tailored for these materials.

The results of applying TLE techniques to separate materials in
F6 (illustrated in Fig. 5) show that this fraction contained at least
three highly mobile compounds. Two of these compounds were
positively charged, and one was negatively charged. This information
is now being used in exchange studies to determine the ability of
these compounds to complex copper, in kinetic studies to ascertain
the potential for their release from sediments, and in biological
studies to estimate accumulative and toxicological effects of their
entrance into interstitial and overlying waters. The isolated materials
are being extracted from the thin-layer plates and subjected to
further chemical characterization with infrared and ultraviolet
spectroscopy and mass spectroscopy.
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Method of visualization:
bromcresol green (0.05%)

-0.29 cm/min

/ -Re* -0-!9 cm/min

X
"*"— Initial spotting

-0.19 cm/min-.

Method of visualization:
2', 7'-Dichlorofluorescein
(0.1%) under UV light

Re = +0.28 cm/min -.

Mni t iitial spotting

-TLE, 20 min-

Fig. 5 Thin-layer electrophoretic (TLE) separations of constituents
in Sephadex gel (G-100) fraction F6 of the > 10,000 molecular
weight fraction (heated water extract) of San Francisco Bay sedi-
ments.
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ABSTRACT

A comparative study of trace metals (copper, zinc, lead, and molybdenum) in
sediment cores from a pristine marsh near North Inlet, S.C., a polluted marsh near
Charleston Harbor, S.C., and South Carolina river floodplains indicates that the
Charleston Harbor marsh samples have significantly higher concentrations of
copper, zinc, and lead than either North Inlet samples or river floodplain
samples. It is not clear, however, whether this result can be attributed to
industrial contamination because the peak concentrations of copper and zinr in
cores from the Charleston Harbor marsh occur at depths between 10 and 60 cm
rather than at or near the sediment surface, as is the case for well-documented
occurrences of contaminated marine sediments. Also, both marsh rreas show
similar linear relationships for copper vs. zinc, which suggest that both areas
received the same relative inputs of copper and zinc from similar or identical
sources and that the differences in concentrations between the two areas are due
to differences in the rates of accumulation. Natural mechanisms are suggested to
explain the higher content of copper and zinc in Charleston Harbor vs. North
Inlet marsh sediments and the variable depth of peak copper and zinc
concentrations.

The study of trace metals in marine sediments has intensified
recently owing to concern about the fate of these potentially toxic
substances. Recent studies have shown that in some areas certain
heavy metals become substantially more abundant toward the
surface of the sediment (Thomson, Turekian, and McCaffrey, 1975;
McCaffrey md Thomson, 1974; Chow etal., 1973; Erlenkeuser,
Suess, and Willkomm, 1974; Banus, Valiela, and Teal, 1974; Siccama
and Porter, 1972). These dramatic near-surface increases in metal
concentrations are usually .attributed to progressive industrial and/or
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urban contamination. Certain investigators, however, point out that
under natural conditions postdepositional redistribution of metals
may result from pH—E(, gradients (Bonatti etal., 1971; Hallberg,
1974). To our knowledge no one has compared the trace-metal
chemistry of marsh sediments with that of their probable source,
river-suspended sediments.

The purpose of this study was to compare the concentrations of
copper, zinc, lead, and molybdenum in sediment samples from
pristine (North Inlet, S.C.) and polluted marshes (Dill Creek,
Charleston Harbor, S.C.) with recent floodplain sediments from the
Pee Dee, Santee, and Savannah rivers. The rationale used was that
the major source of the fine fraction of marsh sediments was
suspended sediment carried by the major Piedmont rivers and that
the fine fraction of the floodplain deposits was representative of the
chemistry and mineralogy of the suspended sediment. Although
certain investigators believe that significant quantities of sediment
are transported into estuaries from off shore (Meade, 1969;
Hathaway, 1972; Pevear, 1972), the dominance of kaolinite in both
marsh and river sediments is indicative of major riverine input. The
use of floodplain rather than suspended sediment was based on
several considerations. First, large volumes of water would be
required to obtain sufficient sediment for analysis. Second, the
trace-metal chemistry of the suspended sediment depends on its grain
size distribution (de Groot, Salomons, and Allersma, 1975), which
varies with discharge. Thus each river would have to be sampled
during a variety of flow conditions to obtain a representative picture
of its trace-metal chemistry. Finally, the trace-metal chemistry of
modern suspended sediment may be anomalous because of industrial
contamination.

This study was undertaken to indicate the quantities of metals
taken up by river sediment during and after deposition in marshes
and to determine whether the amounts of uptake could be used to
ascertain the effect of marshes on the trace-metal chemistry of
estuarine and coastal waters. We also expected Dill Creek samples to
have higher metal contents than the pristine North Inlet samples
because of the proximity of Dill Creek to urban and industrial
complexes.

METHODS AND MATERIALS

Seven cores were taken from marshes near North Inlet and Dill
Creek during January 1975. Locations are given at the bottom of
Table 1. At each site samples M the oxidized surface red mud were
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TABLE 1

STATISTICAL SUMMARY OF TRACE-METAL DATA FOR
MARSH AND RIVER SEDIMENTS (METAL CONCENTRATIONS

CALCULATED ON DRY-WEIGHT BASIS)

Sample
group

Clambank
Creek:
CB1*

CB1

CB2+

CB2

CB3I

CB3

CB mean
CB mean

Dill Creek:
DC10§

DC10

DC111)

DCI1

DC12**

DC12

DC2ft

DC2

DC mean
DC mean

Depth,
c m

0 to 65

70 to 115

0 to 65

70 to 75

0 to 65

70 to 125

0 to 65
> 6 5

0 to 66

72 to 108

0 to 66

72 to 114

0 to 67

72 to 117

0 to 68

72 to 120

0 to 65
>65

Cu,
p p m

27.0
±5.4
14.0
±4.2

19.4
±9.2
15.0

28.3
±9.4
19.2
±3.8

25.0
16.7

39.5
±13.0

38.7
±21.4

42.0
±14.4

22.5
±2.9

32.0
±16.7

14.0
±4.2

32.0
±12.3

16.7
±4.1

36.8
21.7

Pb,
p p m

12.0
±3.5

6.0
±2.2

10.0
±6.6
15.0

17.8
±7.5

8.3
±2.6

13.2
7.9

32.0
+11.1

15.0
±7.1

41.0
±5.2
27.5
±2.9

30.5
±17.7

14.0
±4.2

34.5
±10.4

19.2
+3.8

34.7
19.0

Zn,
p p m

83.5
±8.8
5 .0

±15.2

66.1
±23.7

35.0

101.0
+30.8

67.5
±5.2

84.1
59.2

149.5

138.8
±102.0

162.5
+69.1

86.3
+7.5

127.5
±50.8

80.0
+6.1

138.5
±40.8

90.0
±10.0

145.4
97.7

Mo,
p p m

5.8
±1.1

7.6
±5.8

16.8
±9.7
10.0

12.0
±4.9

4.3
±0.8

11.5
7.7

3.3
+2.2

4.0
±0.0

3.4
+ 1.0

4.0
+2.8

6.8
±2.7

7.6
+3.6

5.8
±2.7

2.7
±1.6

4.9
4.6

Ign.
loss, %

12.7
±5.0

9.3
±1.0

9.2
±3.6

3.4

13.7
±2.0

9.1
±3.2

11.9
8.7

18.4
±6.1
11.5
±1.4

15.1
±2.5
15.5
±4.3

13.9
±5.7
11.5
±1.5

14.8
±3.6
11.1
+1.1

15.5
12.2

A12O3,
%

18.6
+3.6
13.9
+ 1.0

16.5
±2.5
13.2

17.7
±2.8
16.0
±3.6

17.5
14.9

18.9
±1.6
19.1
±1.8

19.3
±1.7
18.3
±2.2

17.2
+ 1.9
13.8
±2.1

17.3
+1.7
15.5
±1.6

18.3
16.5

No. of
samples

10

5

16

1

10

6

36
12

10

4

10 ;

4 :;

10

5

ri

10 ;

6

40
19

(Table continues on following page.)
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TABLE 1 (Continued)

Sample
group

Rivers:
Santee
(U.S. 17A)
Pee Dee
(U.S. 701)
Pee Dee
(U.S. 378)
Savannah
(U.S. 301)
Black
(U.S. 701)

River mean

Depth,
cm

Grab

Grab

Grab

Grab

Grab

Cu, Pb,
ppm ppm

29.4
±10.8

17.5
±11.0

18.3
±12.6

19.2
±7.4
15.0

21.5

26.7
±4.1
13.1
±9.2
15.0

±10.0
44.2

±35.8
35.0

25.4

Zn, Mo, Ign. Ai2
ppm ppm loss, % '

88.8
±14.6

60.6
±27.7

80.0
±54.1
62.5

±12.9
100.0

73.5

2.0
±0.0

2.0
±0.0

2.7
±1.1

2.0
±0.0

2.0

2.1

8.1
±2.9

4.6
±3.0

4.7
±2.5

3.0
±1.7
12.8

5.6

O3 No. of
fo samples

24.4
±4.1
21.1
±2.8
16.7

21.0
±2.1
19.9

22.1

8

8

3

6

1

26

*Near North Inlet, S.C., on Baruch Plantation, on levee of Clambank Creek,
100 ft north of pier on west bank.

fSame as CB-1, 100 ft into marsh.
lEast, levee of Clambank Creek opposite pier.
§ Levee of Dill Creek, Charleston Harbor, 500 ft upstream from mouth.

Long. 79°57'07" W.;lat. 32°45'55" N.
USame as DC10, 100 It into marsh. Long. 79°57'08" W.; lat.

32°45'50.5" N.
**Interior of Dill Creek Basin. Long. 79°57'l5" W.; lat. 32°45'49" N.
ttlnterior of Dill Creek Basin, Long. 79°57'l8.5" W.; lat. 32°45'37.5" N.

obtained by scraping the upper millimeter or so of mud from the
marsh surface. Samples of the black mud that generally lies within
the first centimeter were similarly obtained after the removal of the
red mud. One-kilogram grab samples of river floodplain sediment
were obtained near the highway bridges indicated in Table 1. The
cores were extruded and cut into 5-cm cylindrical sections. Bulk
densities and porosities were calculated from the dry weight and
weight loss at 110°C and the calculated volumes of the sections.
Organic content was estimated from weight loss at 500° C. The
samples were ground with a ceramic mortar and pestle, and, after
ignition and weight-loss determination, the fine fraction was sepa-
rated through an 80-mesh (177 /im) sieve and shipped to Skyline
Labs, Inc., Wheat Ridge, Colo., for trace-metal analysis. Total
concentrations of copper, zinc, lead, and molybdenum were obtained
by atomic absorption spectrometry after total acid digestion of the
samples. We conducted analyses for A12O3 by X-ray fluorescence
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analysis using sample preparation procedures by Rose, Adler, and \ '<
Flanagan (1963). •• v'

RESULTS AND DISCUSSION

In general, bulk density increased gradually but erratically with '• "
depth from about 0.30 g/cm3 at the surface to about 0.40 g/cm3 at -"
1 m, whereas porosity decreased from about 85 to 75%. Core CB-2 ;
was aberrant in that it encountered a sandy horizon at about 80 cm,
and bulk density and porosity consequently showed stronger Y.,;
gradients than the other cores. •.

The mean metal contents for marsh sediments were subdivided ;
according to location [Dill Creek, Charleston Harbor (DC); Clam- ~\\
bank Creek, North Inlet (CB)] and depth (>65 cm vs. <65crn)
(Table 1). The original data are presented in an earlier report .,., \
(Gardner, 1976). A depth boundary of 65 cm was selected because ;
the peak metal concentrations in most cores occurred above this ;
depth, and this was about the depth above which dramatic uptake of °!
potassium and other substances by Spartina roots began (Reimold, ; j
1972). I

Marsh sediments were apparently enriched in copper, zinc, and ;
molybdenum relative to river floodplain sediments, whereas the }
mean concentrations of A12O3 and lead were higher in river sediment I
(Table 1). The metal content of the upper marsh sediment (<65 cm) . j
was greater than that of the deeper sediment (>65 cm). Kramer's • j
(1956) multiple range tet-i was used to determine whether means of !<)i
the various groups of samples were significantly different. These tests lasi
were performed on square-root transformed data to reduce heteroge- , |
neity of variance (Edwards, 1950, pp. 199-202). For each metal '':=4
preliminary analysis of variance yielded a significant f-ratio, which , i
indicated that grouping of the data into five categories (river, ĵ
DC >65, DC <65, CB >65, and CB <65) produced significant group ; !
effects. River sediments had a significantly higher mean aluminum i j
content than any of the marsh subdivisions (Table 2). Within each
marsh area the upper sediment had a significantly greater copper,
zinc, and aluminum content than the deeper sediment. Only the j
upper part of the Dill Creek marsh had greater copper and lead
concentrations than river sediment. River sediment had a signifi-
cantly greater lead content than either of the CB groups. Both levels j
of the DC marsh had significantly greater zinc concentration:- than ! |
river sediment, whereas the CB marsh did not differ significantly
from river sediment. For molybdenum the means of all groups were
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TABLE 2

RESULTS OF KRAMER'S MULTIPLE RANGE TESTS*
ON SQUARE-ROOT TRANSFORMED
TRACE-METAL CONCENTRATIONS

Group
mean (Al2 C3 fh

Group
mean (Cu)'4

Group
mean (Pb)'4

Group
mean (Zn)'*

Group
mean (Mo)*

CB>
3.84

CB>
4.05

CB >
2.76

CB>
7.64

River
1.44

65

65

65

65

DC >
4.04

River
4.49

CB <
3.52

River
8.43

DC >
2.05

65

65

65

CB <
4.16

DC >
4.53

DC >
4.29

CB <
9.06

DC<
2.15

65

65

65

65

65

DC<
4.27

CB <
4.91

River
4.69

DC >
9.72

CB >
2.58

65

65

65

65

River
4.68

DC <
5.94

DC -.
5.79

DC <
11.89

CB<
3.23

6 "3

65

65

65

*Any two means not underscored by same line are significantly
different.

tCB, Clambartk Creek, North Inlet Area.
:j:DC, Dill Creek, Charleston Harbor.

significantly different except for the upper and lower levels of the
DC marsh, which showed no significant difference.

Interpretation of these results requires consideration of the
processes involved in the accumulation and migration of metals in
sediments. The first factor examined is the effect of grain size on the
trace-metal content of sediments. As shown by de Groot, Salomons,
and Allersma (1975), the trace-metal content of estuarine sediments
in the Netherlands increases with decreasing grain size. Similar results
were obtained by Le Riche (1973) in a study of trace metals in a soil.
This relationship is due mainly to the fact that coarser size fractions
are richer in metal-deficient quartz. Indeed the reason for analyzing
only the less than 80-mesh fraction was to minimize the variations in
trace metals that would result from varying amounts of sand-size
quartz. This source of variation was not completely eliminated
because both copper and zinc are positively correlated with A12OS in
both river and marsh samples. The regression equations and
correlation coefficients for the river samples are

Zn = -45.6 + 5.3 A12O,
r = 0.77 (1)
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and

Cu =-38 .2 + 2.7 A1,O., ,„
r = 0.85 ( '

where Al2O3 is the weight percent Al2O3, and Zn and Cu are in
parts per million (dry weight). In these equations we can consider
A12O) to be an index of the percentage of clay (mainly kaolinite) in
the samples. Thus, in the comparison of marsh samples with their
riverine source, allowance must be made for the fact that marsh
sediments are deficient in AI2O3 because these sediments are
accumulating on a floor of Pleistocene and Holoeene beach ridge
sands that are reworked by large tidal creeks (Andrews, Stevens, and
Colquohoun, 1973). By means of Eqs 1 and 2, the zinc and copper
contents of river sediments can be adjusted to the mean A12O3

content of marsh sediment (17.2%). The adjusted mean zinc and
copper river concentrations are 46.1 and 9.6 ppm, respectively. If the
square roots of these values are used for river zinc and corper in the
multiple range tests, then the results of Table 2 would be altered so
that in comparison to river sediment all the marsh groups would be
enriched in zinc. Adjustments for the difference in A12O3 content
magnify the enrichment of marsh sediment in zinc and copper.
Unfortunately this sort of adjustment cannot be applied to lead and
molybdenum because t\<-: correlation coefficients for their regression
equations on A12O( are Loo low.

The correlation of zinc and copper with A12O3 can also be used
to part!;, explain the higher metal content of the upper sediment in
'ooth the PC and CB marshes because in both marshes the deeper
sediment is deficient in A12O3. For the DC marsh the regression
equations (Eqs. 1 and 2) predict a difference in zinc and copper of
9.6 and 4.9 ppm, respectively, for an A12O3 difference of 1.8%
j 18.3 — 16.5 = 1.8 (Table 1)] as compared to observed differences
of 47.7 and 15.1 ppm, respectively. For the CB marsh the regression
equations (Eqs. 1 and 2) predict differences of 13.9 and 7.1 ppm,
respectively, as compared to observed differences of 24.9 and
8.3 ppm, respectively. Other factors, in addition to variation in
A12O3, must be involved in the enrichment of the upper sediment in
zinc (and copper in the DC marsh). Also, differences in A12O3

content cannot explain differences in zinc anJ copper between the
CB and DC marshes because the multiple range test shows that the
A12O3 content of marsh samples at comparable levels is not
statistically different (Table 2) and because the differences predicted
by the regression equations are less than 20% of the observed
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differences (except for copper in the deep sediment where the
predicted difference is 4.6 ppm vs. an observed difference of 5 ppm).

In previous studies of trace metals in shallow marine sediments,
progressive increases in trace-metal content toward the sediment
surface have been taken as indications of progressive industrial
contamination (Thomson, Turekian, and McCaffrey, 1975;
McCaffrey and Thomson, 1974; Erlenkeuser, Suess, and Willkomm,
1974; Banus, Valiela, and Teal, 1974; Siccama and Porter, 1972). In
these studies the most pronounced increases in trace metals occur in
the upper 30 cm of sediment, which represents approximately the
last 100 years of accumulation. In the present study patterns similar
to those just described are shown only by copper and zinc in core
CB-2 and by lead in cores CB-3 and DC-2. In all other cases the
maximum trace-metal concentrations are not found in the uppermost
sediment but at depths of 10 to 60 cm (Fig. 1). Thus, although the
relative enrichment of zinc, copper, and lead in near-surface marsh
sediments may be suggestive of industrial contamination, the fact
that a majority of the profiles do not show progressive upward
increases in trace-metal concentrations indicates that other factors
are also involved.

The differences in metal contents between shallow and deep
marsh sediments studied here can be partially attributed to the
natural uptake and transfer of metals by Spartina. During growth
Spartina accumulates trace metals in its aboveground tissue through
root uptake from the sediment—interstitial water complex (Williams
and Murdoch, 1969; Broome, Woodhouse, and Seneca, 1973). After
death a substantial portion of this organic matter, about 670 g m"2

year"' (Settlemyre and Gardner, 1975a and 1975b), is exported from
the marsh in the form of suspended organic sediment. Assuming that
the trace metals exported in this fashion are derived from the
sediment, we can calculate the change in trace-metal concentration in
the sediment on the basis of trace-metal data for Spartina provided
by Dunstan and Windom (1975). These investigators report mean
copper, zinc, and lead concentrations for living Spartina of 3.9, 32.2,
and 4.1 ppm, respectively. Thus export oi1 670 gm"2 year"1 of
Spartina detritus should result in the export of 2.6, 21.6, and
2.8 mg m'2 year"1 of copper, zinc, and lead, respectively. The
amount of inorganic sediinent required each year for vertical marsh
growth to keep pace with sea-level rise, about 0.15 cm year"1

(Shepard, 1964; Stuiver and Daddario, 1963), is 570 g m~2 year"1

(Settlemyre and Gardner, 1975a and 1975b). The ultimate decrease
in copper content from this process is 2.6 mg/570 g = 4.6 ppm. For
zinc and lead, the results are 37.9 and 4.9 ppm, respectively. The
observed mean differences between shallow (<65 cm) and deep
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Fig. 1 Vertical profile of trace-metal concentrations for core DC-11
showing correlation between copper and zinc and depth of peak
concentrations typical of Dill Creek (DC) marsh cores, Charleston
Harbor, S. C.
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(>65 cm) marsh sediments for copper, zinc, and lead are 11.9, 38.2,
and 11.5 ppm, respectively. The combination of differences in
A12O3 content and natural cycling by Spartina could account for
most of the differences in mean trace-metal contents between
shallow and deep marsh sediments. This finding casts further
suspicion on industrial contamination as an adequate explanation for
the higher mean metal content of the shallow samples.

As a further test of the hypothesis of progressive industrial
contamination, we can assume that the weight ratios of metals
released to the environment by the industrial activities of an area
would only coincidentally be identical to the ratios of metals in
uncontaminated sediments. Therefore the presence of industrial
contamination may be indicated in a comparison of the regression
relationships between copper and zinc in shallow contaminated
sediments with the regression relationships of these metals in deeper
pristine sediments (Table 3). We examine first the work of Thomson,
Turekian, and McCaffrey (1975) and McCaffrey and Thomson
(1974) who reported trace-metal analyses for cores from Long Island
Sound and the Farm River salt marsh near New Haven, Conn. In
both these cores trace metals increase dramatically in the upper
30 cm or so. Also, the slopes (b) and intercepts (a) for the regression
equations of the shallow samples (<30 cm) are dramatically different
from those of the deep samples. The increase in slope of the
regression equations from deep to shallow samples suggests a change
toward a greater relative input of copper. As suggested by McCaffrey
and Thomson (1974), these observations correlate with the develop-
ment of brass industries in this region. Applying this approach to our
marsh sediments, we note that both the DC and CB near-surface
samples have nearly identical regression slopes and intercepts. This
suggests that the two marsh areas had similar sources of copper and
zinc and that these elements accumulated in the two areas by similar
processes. Thus, if the North Inlet (CB) sediments are pristine as
assumed, the Dill Creek sediments are probably also uncontaminated.
The higher concentrations of copper and zinc in the Dill Creek
sediments then are due to the greater intensity of the natural
processes of accumulation rather than to industrial contamination.
Furthermore, in contrast to the Long Island and Connecticut cores,
the regression coefficients of our shallow vs. deep samples are similar
(Table 3); this indicates that there has not been any significant
change in the relative input of copper and zinc.

If the copper and zinc contents of our marsh samples are the
result of natural processes, we ought to consider whether natural
circumstances can account for the differences in metal content
between the Dill Creek and North Inlet samples. Here we must admit
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TABLE 3

REGRESSION COEFFICIENTS RELATING COPPER AND ZINC
IN SEDIMENTS FROM VARIOUS ENVIRONMENTS*

* Coefficients obtained for the equation Cu = a + bZn, where Cu and Zn are in parts
per million.

tMean ± 1 SD.
tT.D., total digestion. Size of sieve used was 177 (lm.

that we can only offer suggestions and that further research will be
required to confirm our speculations. If it is true that the slope of
the regression equation for copper and zinc depends mainly on the
relative input of these two metals into a system, it is logical to
conclude that the higher concentrations of copper and zinc in the
Dill Creek samples vs. the North Inlet samples are probably due to
the greater intensity and/or duration of the accumulation process(es)
in the Dill Creek area. Among the factors that might affect the
intensity of accumulation, the most obvious are salinity and organic
productivity. Since both copper and zinc are supplied mainly by

Material
and

location

CB( -65 cm)

CB(<65cm)

DC (>65cm)

DC(<65 cm)

South Carolina
river

Floodplains

Loess foil

Cove (0 to 30 cm)
Long Island Sound

Core (30 to 76 cm)
T.ontf island Sound

Core (0 to 26 cm)
Connecticut marsh

Core (26 to 100 cm)
Connecticut marsh

a

0.6
±3.4

9.63
±4.0

3.21
±8.8

6.1
±2.2

-2.0
±3.9

-6.0
±4.0

+ 26.4
±3.5

-13.7
+ 1.9

-56.1
±28.6

5.5
±2.0

b

0.26t
±0.06

0.21
±0.05

0.17
±0.10

0.22
±0.01

0.33
±0.05

0.40
±0.10

0.57
+0.03

0.39
±0.04

0.85
+0.15

0.16
±0.04

r*

0.54

0.51

0.11

0.89

0.64

0.75

0.97

0.86

0.75

0.30

N

19

21

23

36

25

7

15

22

13

37

Method

T.D. I
(<177Mm)

T.D.

T.D.

T.D.
<<177jum)

T.D.
(<177 Jim)

T.D.

IN HNO 3

leach

IJV HNO3

leach

6A7 HCI
ieach

6WHCI
leach

7
Reference

This work

This work

This work

This work

This work

Le Riche
(1973)

Thomson, j
Turekian and j
McCaffrey f l975) j

Thomson, ,|
Turekian and
McCaffrey (1975) |

McCaffrey and j
Thomson (1974) i

McCaffrey and )
Thomson (1974) i
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terrestrial runoff, the concentrations of these elements in estuarine
waters are generally inversely related to salinity. High-salinity
marshes might therefore be expected to accumulate less copper and
zinc. Prior to the diversion of the Santee River, the average salinity
of Charleston Harbor water was about 32 %0 (Zetler, 1953), which
is almost identical to values we have observed for surface waters in
the North Inlet area. Salinity alone is not the decisive factor. We have
no quantitative data on Spartina production in the two areas, but our
visual impression is that the Dill Creek marsh supports a more
abundant plant cover. This, however, could be a recent development
brought on by the lowering salinity that followed the diversion of
the Santee River into Charleston Harbor and/or by the loading of
nutrients from sewage disposal in the harbor. Although the salinity
of water in the two areas before diversion was nearly identical, the
residence time of seawater in the two systems differed greatly. Prior
to diversion, the residence time of seawater in Charleston Harbor
may have been as great as 30 tidal cycles (Federal Water Pollution
Control Administration, 1966), whereas for North Inlet complete
flushing probably takes place within 4 tidal cycles (Kjerfve, 1976).
For elements that are supplied mainly by terrestrial runoff, a long
residence time provides ample opportunity for sedimentation by
biological uptake, sorption, or suliide precipitation. On the other
hand, the input of elements that have higher concentrations in sea-
water than in river water, such as molybdenum, is restricted by long
residence times, and the accumulation of such elements in marsh
sediments is curtailed. The lower concentration of molybdenum and
the higher concentrations of copper and zinc in Dill Creek vs. North
Inlet samples may be the result of the difference in residence times.

As for the vertical profiles of metal concentrations in marsh
sediments, the major problem is to offer an explanation for the
variable depths at which peak copper and zinc concentrations occur,
particularly in the DC cores. One possibility is that the peaks are
synchronous; i.e., they record an historical episode of higher metal
accumulation owing to greater input or more intense fixation. In
either case the fact that the depth of peak concentrations varies from
core to core implies under this hypothesis that sedimentation rates
vary from place to place in the Dill Creek marsh. This could mean
that the topographic characteristics of the marsh have changed since
the episode of metal accumulation or that the horizon of metal
accumulation has been warped by subsequent differential compac-
tion. In this connection it is interesting to note that core DC-10,
which has the greatest depth of peak concentrations, is located on
the levee of Dill Creek near its mouth, whereas core DC-2, which has
the shallowest depth of peak concentrations, is located near the
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periphery of the marsh basin. Cores DC-11 and DC-12, with
intermediate depths of peak concentrations, are located at intermedi-
ate distances between the creek mouth and basin periphery. Because
large tidal creeks tend to occupy preexisting topographic sags, it is
reasonable to expect that the total thickness of marsh sediment at
the DC-10 site is probably greater than thti at the DC-2 site and that
compaction would be greater at DC-10 than at DC-2.

Another possibility is that the depth of peak concentrations is
the result of local variations in the intensity of the process(es) that
control the accumulation of copper and zinc in the sediment rather
than the result of an historical episode. One factor that shows
obvious strong local variation in marshes is the growth of Spartina.
Along creek banks the plant attains greater height and weight than in
areas more remote from tidal creeks. The rate of growth of Spartina
could affect the accumulation of metals in several ways. Actively
growing Spartina must transpire water taken up by its roots 10 the
atmosphere. The transpiration ratio for Spartina, i.e., the weight of
water transpired per unit weight of dry-leaf material produced, is not
known. However, the requirements of the plant are probably similar
to rice (Batson, 1976), which transpires 700 to 800 kg of water for
every kilogram of dry-leaf material produced (Lee, 1942). Since the
average dry-weight aboveground production of Spartina is about
0.67 kg m"2 year"', the estimated amount of transpired water,
assuming a transpiration ratio of 750, is 500 kg m"2 year"1. This
figure implies that each year about 50 cm of interstitial water must
be replaced by infiltrating surface seawater. This could be a
mechanism for introducing additional metals into the sediment
and/or for moving fine-grained metal-rich particles down into the
sediment. In areas of high productivity, however, such as along creek
banks (e.g., site DC-10), high rates of transpiration would move
greater amounts of metals to greater depths, whereas in interior
marsh areas, such as at site DC-2, lower rates of production and
transpiration would result in smaller concentration peaks at shal-
lower depths. Eventually, as a result of subsequent sedimentation,
metals accumulated in this fashion would arrive at the horizon of
maximum root uptake, which, according to Reimold (1972), lies at a
depth of about 1 m, and here a reduction in concentration would
occur since metals extracted from the sediment are recycled to
aboveground plant tissue.

The ideas set forth above are speculative and are offered in the
hope that they might form a conceptual framework for the design of
future studies. It should be noted that the data for molybdenum and
lead are much more erratic than those for copper and zinc; this
indicates that the factors controlling the accumulation and distribu-
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tion of these elements are more complex than those for copper and
zinc. As for lead, there is some indication of industrial contamination
in that the highest lead concentrations are almost always found in
the surface samples. The peak concentrations of molybdenum and
lead do not show a consistent tendency to occur at the same depths
as the peaks for copper and zinc, which suggest that either they are
not affected by historical episodes or that they are not subject to the
same processes that control the accumulation and distribution of
copper and zinc.

In summary, we found that marsh sediments from the polluted
Dill Creek basin contained significantly higher concentrations of
copper, zinc, and lead than pristine sediments from North Inlet
marshes and river floodplain sediments. Nevertheless, natural pro-
cesses, as opposed to industrial contamination, can adequately
account for these results.
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PATTERNS OF CESIUM137 DISTRIBUTION
ACROSS TWO DISPARATE FLOODPLAINS

J. DUVALL HAY and HARVEY L. RAGSDALE
Biology Department, Emory University, Atlanta, Georgia

ABSTRACT

Soil Cs concentration was studied across upstream and downstream
floodplain sites of Lower Three Runs Creek, an Upper Coastal Plain stream
draining a portion of the Savannah River Plant. Soil samples were collected
laterally and vertically at each floodplain location and analyzed for several
edaphic characteristics. The results showed that these floodplains were dif-
ferentiable by their edaphic characteristics both between sites and between
depths within a site. The surface distribution of 137Cs was related to
microtopographic variation at each site, but predictive relationships for
estimating surface-soil ' 3 7Cs content from edaphic parameters were not as well
defined. A difference in upstream to downstream ' ' 7Cs cycling was explained
on the basis of the 'hange from direct tc indirect nutrient cycling pathways in a
downstream direction. This change was coincident with higher sedimentation,
greater cation adsorptive capacity, and higher potassium concentrations found
downstream.

Understanding and ultimately modeling elemental transfers in eco-
systems require the accurate assessment of both elemental concentra-
tion and transfer-accumulation mechanisms in ecosystem compo-
nents. Radionuclides can be used for assessing elemental
concentrations in ecosystems because the nuclide's characteristic
emission of energy permits detection of its presence and estimation
of its concentration by the intensity of the radiation field.
Cesium-137, with a 30-year half-life, is a useful nuclide for studying
nutrient movement and accumulation in ecosystems. Cesium-137,
because of its position in the periodic table, might act as an analog of
potassium in ecosystems. However, evidence showed that this may

462



CESIUM-137 DISTRIBUTION ACROSS TWO FLOODPLAINS 463

not be a valid assumption when potassium concentrations are not
limiting (Menzel, 1954).

Initial surveys of ] 3 7 Cs in ecosystems showed that this nuclide
was mainly associated with the soil component of the system, where
it was tightly bound (Schulz, Overstreet, and Barshad, 1960), but it
could cycle through the biota in some ecosystems (Johnson, Wilson,
and Lindsey, 1966). Additional studies involving the injection of
radiocesium into forested ecosystems documented its movement in
these systems (Witherspoon, 1964; Waller and Olson, 1967). The
cycling of ' 3 7 Cs in natural ecosystems of the southeast has recently
been reviewed by Dahlman, Francis, and Tamura (1975).

Since ' 3 7 Cs is also a by-product of nuclear power plants, its fate
in their surroundings is of concern. Cesium-137 distribution around
generating stations has been studied in several areas cf thr country
(Kahn, 1973). In the southeast the fate of 137Cs around a nuclear
installation has been studied on the Savannah River Plant (SRP).
Cesium-137 levels in herbaceous vegetation (Sharitz et al., 1975),
soils (Brisbin et al., 1974), and insects (Anderson, Gentry, and
Smith, 1973) of an effluent stream of the Savannah River Plant site
have been measured.

Another effluent stream of SRP, Lower Three Runs Creek
(LTRC), was studied by Ragsdale and Shure (1973). Their initial
study documented that both the LTRC and its floodplain were
contaminated with ' 3 7 Cs, and they hypothesized a decreasing rate
of ' 3 7 Cs cycling between soil and plants from upstream to
downstream. On the basis of their data, we selected an upstream and
a downstream site along LTRC for more intensive study. We have
previously shown that the biotic components of these floodplain
forests followed the cycling pattern hypothesized for the respective
sites (Hay and Ragsdale, 1975; 1976).

Since the sorption and exchange reactions of the soil component
are important in determining the ' 3 7 Cs distribution in ecosystems
(Cline, 1969), an in-depth study of the soil of LTRC floodplain
forests was undertaken. Our objectives in this study were to
(1) document the lateral and vertical distribution of ' 3 7Cs in the soil
at these two floodplains, (2) relate the ' 3 7Cs concentration in these
floodplain soils to edaphic parameters, and (3) determine why ' 3 7Cs
cycling patterns were different at these floodplain locations.

MATERIALS AND METHODS

Lower Three Runs Creek, a southeastern United States Upper
Coastal Plain stream, is approximately 40 km long. In 1958 the
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upper 8 km was blocked by an impoundment, Par Pond Dam. Two
floodplain forests, Patterson Mill (site 1) and Martin-Millette (site 2),
located 8 and 26 stream km, respectively, downstream from Par
Pond Dam were selected for study. A 1-ha, 100-by-100-m study area
was delimited at each location, and each study area was divided into
100 10-by-10-m quadrats. At Patterson Mill (site 1) the quadrat side
proximal to LTRC was 30 m away and parallel to the main stream
channel. At Martin-Millette (site 2) the proximal quadrat side was
20 m away and also parallel to the channel. Both study sites were
mapped with transit and stadia rod by measuring the elevation of the
grid intersection points for each 10-by-10-m quadrat (121 points)
and normalizing the heights to a reference point (0,0) at each site.

A surface-soil core, 8 cm in diameter and 13 cm deep, was
collected in each of the 10-by-10-m quadrats per site. Fifteen core
samples (8 by 1.3 cm) of subsurface soil (60 cm) were collected at
each site. At both locations the subsurface cores were taken at 20-m
intervals along three transects displaced, 10, 50, and 90 m from the
quadrat side closest to the stream. A vertical-profile analysis
consisting of 150-g soil samples was collected at depths of 10, 20,
and 30 cm in each of five soil pits at each study site.

AH soil samples were air-dried, and the surface and subsurface
samples were sieved through a 0.5-mm screen. Approximately 30 g of
each soil sample was analyzed for ' 3 7 Cs with a calibrated Packard
5220 single-channel analyzer. Additional subsamples of each surface
and subsurface soil core were analyzed for particle size distribution,
organic matter, cation-exchange capacity (CEC), bulk density,
exchangeable H\ and pH by standard methods. Soil samples
collected in the profile analysis were analyzed for l 3 7 Cs and bulk
density. Root samples were hand sorted from each soil core during
the sieving procedure, weighed, oven-dried (100°C), and analyzed for
I 3 7 Cs.

Data are reported as the mean and one standard error of the
mean. Data were not transformed prior to statistical analysis, and
tests of statistical significance were made only on data sets with
homogeneous variance (Bartlett's test) (Steel and Torrie, 1960).
Skewness and kurtosis statistics were calculated for each surface-soil
edaphic characteristic. Linear correlation, multiple linear regression,
and parabolic regression were used to test for patterns and predictive
relationships between data sets. Surface- and subsurface-soil parame-
ters were also analyzed with a stepwise multivariate analysis program
(BMD.M.07).
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RESULTS AND DISCUSSION

A qualitative analysis of floodplain microtopography. based on
12.2-cm intervals, showed that site 1 had greater microrelief than
site 2 (Fig. 1). Site 1 (upstream) was subdivided by several channels
of the main stream. These channels, parallel to the main-stream
channel, had water flow on a year-round basis. Site 1 also had areas
that, because of their relative elevation, were not subject to flooding
except during periods of exceptionally high water. The downstream
area (site 2) was behind a 3-m levee, and intermittent water flow
onto the floodplain occurred through breaks in the levee during
winter and spring floods only. However, at site 2 the entire study
area was under water during normal flooding conditions. During
flood periods at site 2, water flowed onto the floodplain from
opposite ends of the study area. After mixing, the water flowed
across the study area, away from the main-stream channel.

Point microrelief at site 1 ranged from +7.62 to —85.6 cm
(93.22 cm), and soil 1 3 7Cs ranged from 2.3 to 215.1 pCi/g.
Topographic variation at site 2 ranged from +33.5 to —31.1 cm
(66.6 cm), and soil ' 3 7Cs ranged from 4.6 to 116.6 pCi/g (Fig. 2). In
the plotting of point topographic relief at site 1, a scale factor of 5 X
was used to expand the z-axis, and for site 2 a factor of 9 X was
used. In the plotting of the 137Cs distributions across both
floodplains, a scaling factor of 0.02 X was used to reduce the peak
heights. There was an apparent trend at both sites for ' 3 7 Cs
accumulation in the topographically lower points of the floodplain,
but there was no statistical correlation between these factors at
either site. The point ' 3 7Cs distribution across the site 2 surface was
more uniform than that across the site 1 floodplain surface, and for
both sites the maximum surface-soil ' 3 7 Cs concentration was across
the floodplain from the main-stream channel, downstream from the
main water-entry points.

The concentration of ' 3 7 Cs in surface soil at both floodplain
sites appeared to be related to the microelevation of the respective
floodplain location (Fig. 1) in a parabolic fashion since plotting these
data suggested such a downward concave relationship. For site 1 the
equation was

Y = 26.194 - 28.040 (X) - 20.446 (X)2 r2 = 0.624 (df = 5, NS)

and for site 2

Y = 42.361 - 55.293 (X) - 46.474 (X)2

r2 =0 .993(d f=3 ,P< 0.01)
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Fig. 1 Topography and water flow at the Patterson Mill (site 1) (a) and Martin-Millette
(site 2) (b) floodplain sampling sites on Lower Three Runs Creek, Barn well and AUendale
Counties, South Carolina. Each quadrat is 100 by 100 m. Values without sign are negative
relative to the 0,0 point at each site. Elevations are in centimeters. V///////A. channel.
l:;::;-::::::3. intermittent channel.
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Fig. 2 Microtopographic relief and 137Cs distribution across the Patterson Mill (site 1)
(a) and Martin-Millette (site 2) (b) floodplain sampling sites on Lower Three Kuns Creek,
Barnwell and AUendale Counties, South Carolina. Bach quadrat is 100 by 100 m.
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where Y is the mean ' 3 7 Cs concentration (pCi/g) in surface soil of a
particular topographic interval and X is the midpoint of the
respective topographic interval.

The relationship between topography and ' 3 7 Cs distribution in
these floodplains thus depends on the "grain size" used in the
calculations. The use of a larger "grain size" (Fig. 1) produced a
stronger relationship than the one based on point-to-point variation
(Fig. 2). The parabolic regression used to fit these data points
supports the hypothesis of Ragsdale and Shure (1973) by showing
that ' 3 7 Cs accumulates in topographically low areas and extends it
by showing that, if the area was too low, the ' 3 7 Cs concentration is
reduced, probably by water scouring. The juxtaposition of high and
low areas at site 1 vs. the smooth topographic transitions at site 2
was reflected by the lower coefficient of determination for the site 1
data.

Soil ' 3 7 Cs concentration was negatively correlated with depth at
s i te l , r = -0.86 (df=3, NS), and at site 2, r = 0.72 (df=3, NS).
One profile at each site did not follow this pattern and also had a
different pattern for its bulk-density values. Soil ' 3 7 Cs was also
negatively correlated with the bulk density of the samples removed
in the soil profiles, r =-0 .86 (df=19, P< 0.01) at s i te l , and
r = —0.72 (df=19, P<0 .01) at site 2. Excluding the aberrant
profiles, the relationship between soil l 3 7 Cs and depth can be
defined with the use of a linear regression. For site 1 the relationship
was

Y = 98.230 - 3.718 (X) r2 = 0.904 (df = 2, NS)

and for site 2

Y = 60.307 - 2.018 (X) r2 = 0.991 (df = 2, P < 0.01)

where Y is mean soil ' 37Cs (pCi/g) at depth X (cm). A logarithmic
transformation of the ' 3 7 Cs values does not improve the fit of the
regression lines and decreases the r value. The horizontal hetero-
geneity of ' J 7 Cs distribution in surface soils was also shown by the
low correlation of ' 3 7 Cs content in surface soils collected in the
soil-profile studies and the ' 3 7 Cs content of the surface soil removed
from the same quadrat in the initial soil sampling, r = 0.39 (df = 3,
NS) at site 1, and r = 0.65 (df = 3, NS) at site 2.

Similar to previous studies (Lomenik and Gardiner, 1965;
Ragsdale and Shure, 1973), the majority of l 3 7 Cs was found from
the surface to 10 cm below the surface. However, the linear decrease,
observed with increasing depth, was not similar to an exponential
decrease previously reported (Brisbin et al., 1974) for a similar
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floodplain nor to that generally observed in soils (Ragsdale et al., this
volume). There may be several explanations for this result: (1) the
30-cm profile was not deep enough into the soil to allow for a
leveling off of ' 3 7Cs and (2) there may be vertical redistribution of
floodplain sediments during flooding conditions (Allen, 1965). The
second hypothesis is supported by the surface-to-subsurface compari-
sons of some edaphic characteristics.

The summation of edaphic characters is shown in Table 1. The
pH of sitf 1 surface soil was slightly less acidic than the site 2 surface
soil, and site 1 soil had a higher bulk density and sand contenf.. Base
saturation was similar between sites. The site 2 surface soil had a
higher CEC, exchangeable H+, silt and clay fraction, organic matter,
and ' 3 7 Cs burden. For both sites the mean values of subsurface
edaphic parameters were generally lower than those for the surface
edaphic parameters, especially for those parameters associated with
ionic exchange sites. A comparison of subsurface soils showed that
site 1 had higher bulk density, base saturation, sand, and soil ' 3 7Cs
content and was less acidic. The site 2 subsurface soil had higher
CEC, exchangeable H+, organic matter, and silt and clay content.

Tests for homogeneity of variance showed that variance was
nonhomogeneous for each set of surface-soil parameters. The
comparison of means between sites suggested several contrasts. First,
the downstream site had a larger percentage of fine particles (3 X
clay, 4 X silt) and organic matter (4 X) in the soil. The increase in fine
particles produces a concomitant increase in the surfaces available for
sorption of l 3 7 Cs and other ions (Fried and Broeshart, 1967).
Second, the ratio of soil to root ' 37Cs concentrations was reversed
between sites, 0.58 upstream and 2.7 downstream. This indicates
biotic uptake of ' 3 7Cs at the upstream site and biotic discrimination
downstream. The previously documented higher levels of potassium
downstream (Ragsdale, Cropper, and Hay, 1976) may explain these
differences since plant uptake of 1 3 7Cs from soil is inhibited by
potassium (Jackson and Caipenter, 1969). Third, there appeared to
be an equilibrium in the amount of cations present on exchange
surfaces since base saturation values at both sites were similar. If
sorption is proportional to the number of available exchange
surfaces, then this would help explain the higher soil ' 3 7Cs at site 2.

There was homogeneous variance for 6 of 11 subsurface-soil
parameters between sites. Subsurface-soil bulk density, base satura-
tion, sand content, and soil ' 3 7 Cs were significantly higher
(P < 0.05) at site 1 than at site 2, whereas there was no difference for
pH and clay content. Between surface and subsurface soils within a site,
there was homogeneity of variance for 3 of 11 parameters upstream
(sitel) and 6 of 11 downstream (site 2). At site 1 the subsurface



TABLE 1

COMPARISON OF SURFACE- AND SUBSURFACE-SOIL PARAMETERS OF
TWO FLOODPLAIN^SAMPLING SITES ON LOWER THREE RUNS CREEK,

ALLENDALE AND BARNWELL COUNTIES, SOUTH CAROLINA

System parameter

pHti
Rulk density,ftS g/cmJ

CEC,§ rr.eq/lOOg
Exchangeable H\ § meq/100 g
Percent base saturation-)-!
Percent organic matter §
Percent sand+t§
Percent silt
Percent clayti
Root l 3 7Cs, pCi/g
Soil 137Cs,tpCi/g
Topographic variation, cm

Site 1
Patterson Mill

Surface*
{0 to 13 cm)

5.35 ± 0.035
1.21 ± 0.018
8.11 +0.691
2.31 ± 0.208

73.45 + 1.736
4.73 +0.349

83.90+ 1.028
7.76 + 0.572
8.34 + 0.528

68,51 +3.611
32.95 + 3.512

-122.56 ± 3.414

Subsurface*
(60 to 70 cm)

5.26 ±0.101
1.42 ± 0.033
4.53 ± 1.056
0.84 ± 0.315

89.60 ± 3.153
2.75 ± 0.558

83.80 ± 4.286
7.71 + 2.186
8.48 ± 2.330

14.84 ±3.228
31.39 ± 0.717

Site 2
Martin-Millette

Surface*
(0 to 13 err.)

4.83 ± 0.021
0.92 ±0.014

34.06 ± 1.427
9.19 + 0.432

73.15 + 0.745
18.90 ±0.870
46.40 ± 1.844
26.93 + 0.999
26.67 ± 0.922
19.67 ± 1.280
52.78 ± 2.610

—14.63 ± 2.103

Subsurface*
(60 to 70 cm)

5.01 ± 0.128
1.16 ± 0.035

15.82 + 3.034
3.39 ± 0.788

79.37 ± 2.850
8.51 ± 1.583

64.07 ± 5.-196
22.20 ± 3.796
13.72 ± 1.792
4.63 ± 1.586

25.44 ± 0.772

I

<

>
zO

a
C/l

O>

m

*Values are mean ± one standard error of the mean. Sample size for surface soils is 100; size for
subsurface soils is 15.

•(•Homogeneity of variance between Patterson Mill and Maitin-Millette subsurface soils.
tHomogeneity of variance between Patterson Mill surface and subsurface soils.
§ Homogeneity of variance between Martin-Millette surface and subsurface soils.
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soils had significantly higher bulk density and percent base satura-
tion, but sand content was not different from surface soils. In the
surface—subsurface comparison at site 2, the surface soils had
significantly higher CEC, exchangeable H\ and organic matter, and
the subsurface soil had significantly higher bulk density and sand
content. The clay content of site 2 surface and subsurface soils was
similar. The only edaphic parameters lacking homogeneous variance
for any comparison were root ' 31Cs and silt.

Eight of the twelve surface edaphic parameters examined were
more skewed at site 1 than at site 2, and, at site 1, 8 of the 12
parameters were positively skewed, whereas the 12 from site 2 were
evenly divided between positive and negative skewness (Table 2).
Eight of the twelve surface edaphic parameters examined from site 1
also had a greater degree of kurtosis than did those from site 2.
However, those parameters examined at site 2 which had more
kurtosis than those at site 1 were also more skewed. The four

TABLE 2

SKEWNESS AND KURTOSIS OF SURFACE-SOIL
PARAMETERS OF TWO FLOODPLAIN SAMPLING SITES

ON LOWER THREE RUNS CREEK, ALLENDALE AND
BARNWELL COUNTIES, SOUTH CAROLINA*

System parameter

PH
Bulk density, g/cm
CEC, meq/lOOg
Exchangeable H+, meq/100 g
Percent base saturation
Percent organic matter
Percent sand
Percent silt
Percent clay
Root l 3 7Cs, pCi/g
Topographic variation
Soil ' Cs, pCi/g

Site 1
Patterson Mill

a,

0.030
-0.244

2.090
1.405

-0.073
2.375

-1.854
1.128
3.045
0.717

-0.187
2.375

a..

4.021
2.659
8.620
6.446
2.423

11.766
7.760
4.316

14.980
4.041
0.821

10.415

Site 2
Martin-Millette

a T

0.004
0.737

-0.525
-0.324
-0.132
-0.324

0.850
-0.768
-0.693

1.833
1.485
0.083

a - i

3.317
3.331
1.943
2.055
6.757
1.890
2.654
2.640
2.372
7.978
6.583
2.246

*a3

a4 = (m4)/(m2)3

where m2 is the second moment about the mean, mj is the third moment
about the mean, and m4 is the fourth moment about the mean.
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edaphic parameters that showed greater kurtosis at site 2 were ;: {
(1) base saturation, (2) root l 3 7 Cs, (3) topographic variation, and ; J
(4) bulk density (Table 2). The flatness of the site 2 floodplain was '• J
shown by the magnitude of deviation of the kurtosis parameter of ; j
the topographic variation. j

None of the surface edaphic characteristics were normally
distributed with skewness (a3) = 0 and kurtosis (a4) = 3 (Spiegel, ;
1961). However, bulk density and base saturation at site 1 and pH at j
site 2 were within statistical limits of a normal distribution (Pearson
and Hartley, 1962).

Most edaphic parameters of surface and subsurface soils at both
site 1 and site 2 had significant linear correlations with soil ' 3 7 Cs
content. The exceptions for surface soil were topographic variation
at site 1 and pH, base saturation, and root I 3 7Cs at site 2. The
subsurface-soil factors not having a significant correlation with soil
l 3 7 Cs were clay content and root l 3 7 Cs at site 1 and pH, base
saturation, and root ' 3 7 Cs at site 2 (Table 3).

Dahlman, Francis, and Tamura (1975) stated that l 3 7 Cs in
terrestrial environments was associated with the cation-exchange
complex of the soil. This general conclusion was supported by the
results from this study (average r = 0.81). Other previously defined
important correlates were soil organic matte*- '3arber, 1964) and clay
content (Shanks and DeSelm, 1963). In i,<je present study there was a
high correlation of soil organic matter and I 3 7 Cs content (average
r=0.78), but the correlation between clay content and l 3 7 Cs in
these soils was not as high (average r = 0.59).

Stepwise linear regression showed that bulk density explained a
majority of the variance associated with soil ' 3 7 Cs (r2 = 0.60 for
site 1 surface soil). The addition of four variables, root I 3 7Cs,
organic matter, topographic variation, and silt content, increased the
explained variance to 70%. For site 2 surface soil, CEC alone
explained 70% of the variance, and this was increased to 82% when
root l 3 7 Cs, silt, sand, and exchangeable H+ were added to the
regression equation. In subsurface soils at both sites, bulk density
explained 100% of the variance associated with soil ' 3 7 Cs. Bulk
density is a variable that integrates several characteristics of soil since
it represents the interaction of edaphic parameters like particle size
distribution, organic content, and soil pore space (Buol, Hole, and
McCracken, 1973). Generally, in mineral soU the higher the bulk
density, the lower the number of ionic exchange sites (Buckman and
Brady, 1960). The other edaphic variables added to the surface soil
regressions were related to ionic exchange surfaces in soils and were
similar to variables determined by others as important parameters in
predicting ' 3 7 Cs concentration in watershed soil and sediment
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TABLE 3

CORRELATION OF SOIL ' 3 7Cs WITH OTHER SOIL
PARAMETERS OF TWO FLOODPLAIN SAMPLING SITES ON

LOWER THREE RUNS CREEK, ALLENDALE AND BARNWELL
COUNTIES, SOUTH CAROLINA

System pa^meter

pH
Bulk density,

g/cm3

CEC, meq/100 g
E\chai.geable H\

;neq/100 g
Percent bsae

satu ration
Percent organic

matter
Percent sand
Percent silt
Percent clay
Root l 3 7 Cs,

pCi/g
Topographic

variation

Site 1
Patterson Mill

Surface*
(0 to 13 cm)

-0.325$

-0.775$
0.679$

0.7051

-0.229 §

0.708$
-0.572$

0.652$
0.407$

0.359$

0.003

Subsurfacef
(60 to 70 cm)

0.715$

1.000$
-0.826$

-0.819$

0.763$

-0.773$
0.5278

-0.686$
-0.331

0.280

Site 2
Martin-Millette

Surface*
(0 to 13 cm)

-0.309$

-0.710$
0.837$

0.818$

-0.110

0.770$
—0.778$

0.778$
0.625$

0.150

-C.265$

SubsurfaceT
(60 to 70 cm)

0.505

1.000$
-0.894$

-0.792$

0.255

-0.888$
O.813.t

-0.824 i
-0.745$

0.098

•Sample size for surface soils is 100 samples.
fSample size for subsurface soils is 15 samples.
$.P < 0.01 for r = 0.00.
§P 0.05 for r = 0.00.

(Ritchie, 1976). Topographic variation was an added variable at the
upstream site, which reflects the larger microrelief found upstream.

Multivariate analysis techniques provide a metltod for distinguish-
ing populations on the basis of characteristics of the parameters
associated with each population (Afifi and Azen, 1972). A stepwise
discriminant function analysis correctly assigned 193 (96.5%) of 200
surface-soil samples to site 1 or f'te 2 on the basis of their edaphic
characteristics. Separation of subsurface soils between sites was also
high, with 27 (90%) of 30 assigned correctly. The separation between
surface and subsurface soil within a site resulted in the correct
classification of 96 (83.5%) of 115 samples at site 1 and 102 (88.7%)
of 115 samples at site 2. In all these comparisons separation on the
basis of edaphic characteristics was significant: site 1 vs. site 2
surface soil (F = 66.45, df= 11,188, P < 0.01), site 1 vs. site 2
subsurface soil (F = 5.32, df = 10,19, P 0.05), site 1 surface vs.
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subsurface soil (F = 11.76, dl" = 11,103, P < 0.01), and site 2 surface
vs. subsurface soil (F = 13.77, df = 11,103, P < 0.01).

Stepwise discriminant function analysis was also used to test the
separation of the four data sets simultaneously. This resulted in the
correct separation of 86 (86%) of 100 site-1 surface-soil samples, 90
(90%) of 100 site 2 surface-soil samples, 13 (86.67%) of 15 site-1
subsurface-soil samples, and 12 (80.0%) of 15 site 2 subsurface-soil i/t
samples for a total of 201 (87.39%) of 230 samples. This was also a J" I
significant separation of sampling locations (F = 23.14, df = 30,638,
P-; 0.01). '

The most important parameters, ranked by order of entry, used
to separate these data sets varied with the comparison being made. .
For surface soils the three most important parameters were sand,
root ' 3 7Cs, and topographic variation. Between subsurface soils they
were bulk density, soil l 3 7 Cs, and sand. The most important
parameters for within-site comparisons were root ' 3 ' Cs, bulk
density, and soil ' •17Cs at site 1 and bulk density, root ' 37Cs, and ;
silt at site 2. Cation-exchange capacity, root l 3 7 Cs, and silt were
the three most important parameters in the comparison of all four
data sets. •

The multivariate analyses showed that there were consistent
differences in edaphic characteristics between the upstream and :-.
downstream site and between surface and subsurface soils within
each site. The major factors used to separate the data sets indicate
that the conclusion of Ragsdale and Shure (1973) on differences in
biotic cycling of ' 37Cs was correct. This cycling difference was due
to uptake of ' '7Cs by roots in the surface soil of these floodplains, .
the region of maximum root biomass in swamp forests (Reiners and
Reiners, 1970). The difference in microtopographic variation be- »
tvuen sites also was substantiated.

in summary, the Lower Three Runs Creek corridor had a °
uefi lable gradient of edaphic characteristics upstream to downstream
in the floodplain forests. A major difference was the microrelief of
the floodplain forest. As floodplain microrelief decreased in a
downstream direction, the predictability of edaphic characteristics in '
these floodplain soils increased. In a downstream direction, the j
surface soils became enriched in organic matter and fine particles, i
which provided more exchange surfaces in the soil. The concentra- " J
tion of soil potassium also increased in a downstream direction. ' j
Subsurface soils at both locations reflected surface soils, but they aj
were distinguishable from surface soils on the basis of their edaphic ', j
characteristics. These gradients are probably reflective of similar ones ) j
to be found in other southeastern coastal-plain streams. \ i
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The ' ? 7 Cs cycling patterns previously described for these
floodplains were reaffirmed in this study. Additionally, the basis for
the difference in pattern was related to the upstream-to-downstream
change in edaphic characteristics and floodplain topography. Up-
stream, sediment loads were low, and microtopographic variation
resulted in floodplain areas with exposed plant feeder roots that were
not covered I. y sediment. This condition favors direct-cycling
pathways for nutrients. At this site continued long-term recycling of
1 3 7Cs is favored by the low adsorptive capacities of the coarse soils,
the low potassium concentrations, and the direct-cycling pathway
whereby canopy and litter leachate can enter the plants directly
through their root system. Downstream, higher sediment loads we^e
coupled with decreased microtopographic relief, and thus plant roots
were covered by sediment deposition. This condition favors the
indirect-cycling pathway for nutrients. Further, the finer soils
downstream had greater cation adsorptive capacities and higher
potassium concentrations, both of which favor decreased uptake and
recycling of ' 3 7 Cs in the floodplain plant communities.

CONCLUSIONS

From the results of this study, the following conclusions can be
made:

1. Cesium-137 in surface soil followed an apparent parabolic
pattern with relative elevation at both sites. This indicates that ' 3 7 Cs
input to these floodplains was basically through a depositional
process, but, where the floodplain had deep channels, scouring of the
floodplain surface occurred with the removal of ' 3 7Cs-containing
particles.

2. The scale of measurement of topographic variation in these
floodplains was an important factor in determining the predictive
relationships for defining soil ' 3 7 Cs. The use of topographic class
intervals provided better predictive equations for soil ' 3 7 Cs than did
discrete point measurements.

3. These floodplain soils do not follow the established pattern for
vertical distribution of 137Cs within the soil profile. The linear
decrease in concentration observed with depth probably was a
function of the continual mixing of these sediments with changing
water levels.

4. The distribution of 137Cs and other edaphic characteristics
was more uniform and better defined across the downstream
[Martin-Millette (site 2)J floodplain surface than across the upstream
[Patterson Mill (site 1)J surface.
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5. Surface-soil l ; t 7Cs was most highly correlated with soil !
textural elements at the upstream site and with exchange surfaces at j
the downstream site. In subsurface soils the soil texture was the most /
important factor. I

6. The biotic cycling of l 3 7 Cs in these systems apparently •
occurred through surface root absorption since subsurface roots at
both sites had lower ' 3 7 Cs concentrations than subsurface soils.

7. The upstream-to-downstream decrease in biotic cycling of
I J 7 Cs was explained by a parallel change from direct to indirect
nutrient cycling The shift in nutrient-cycling pathways resulted from
the decreased topographic variation downstream. Also inhibiting
biotic cycling of ' 3 7 Cs downstream were higher soil potassium
concentrations and greater cation adsorptive capacities.
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ADSORPTION AND DIFFUSION
OF PLUTONIUM IN SOIL

J. F. RELYEA and D. A. BROWN
Department of Agronomy, University of Arkansas, Fayetteville, Arkansas

ABSTRACT

The behavior of plutonium in soil—water systems was studied by measuring its
apparent diffusion coefficient in the aqueous and solid phases and by finding the
adsorption—desorption relationships between soil and solution. Apparent dif-
fusion coefficients of plutonium in soil were measured using a quick-freeze
method. Aqueous diffusion was studied in a capillary-tube diffusion cell. Ad-
sorption studies were done by equilibrating a tagged soil—water mixture on a
rotary shaker before centrifuging and sampling. As expected from high adsorp-
tion coefficients (Kdj (300—10,000), the apparent diffusion coefficients were
low compared with normal soil cations (1.4 X 10 B cm2/sec in a sandy soil to
less than 2.4 X 10 " cm2/sec in a silt loam). The Kd of plutonium in aqueous
solution containing the chelate ethylenediaminetetraacetic acid (EDTA) was
reduced compared with the Kd in dilute HNOj. As the EDTA concentration was
increased, tlie Kd was decreased. The chelate diethylenetriaminepentaacetic acid
(DTPA) reduced the Kd more than EDTA at comparable concentrations. The
aqueous diffusion coefficients varied from 3.1 X 10 7 cm2/sec in solution ex-
tracted from the silt loam up to 2.7 X 10 s cm2/sec in a solution extracted from
the sandy soil.

Concern over the possible health hazard presented by an accidental
release of plutonium has forced a major investigation of its behavior
in the environment. We are concerned with the availability of pluto-
nium for uptake by plant roots, transport to groundwater, and move-
ment in the soil. The objective of this study was to measure the
reaction of plutonium in soil systems, including the amount of pluto-
nium adsorbed and released by different soil types, the apparent
diffusion coefficients of plutonium in these soils, and the diffusion
coefficients in aqueous solution.

479
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Movement of an ion through the soil can occur both by mass
flow and diffusion. To predict plutonium movement, we must know
its chemical form as it enters the system, its form within the soil, the
amount adsorbed from the soil solution on solid surfaces, and the
diffusion coefficients in the aqueous and the adsorbed phase.

In general, ions in the aqueous phase move more rapidly by mass
flow and diffusion than the ions adsorbed on the surface of soil
particles. We would expect a highly charged ion such as Pu4 + to be
immobilized by the adsorption process. The plutonium that interacts
with organic matter can form mobile chelated complexes in the soil
solution (Christenson and Thomas, 1962) or be tightly held by
organic matter adsorbed in soil particles.

The fact that plutonium can coexist ir< several oxidation states
under environmental conditions (Andelman f.nd Rozzell, 1970) raises
many possibilities for plutonium behavior in soil. Polymerization,
adsorption by the soil, and disproportionation of Pu4 * to Pu3 + and
PuOj+ can occur simultaneously. The polymer, at pH < 3, can be
adsorbed by the soil as a positively charged particle. At a pH > 3, the
polymer will be negatively charged (Rozzell and Andelman, 1971)
and can exist in a small mobile anionic form or an immobile colloidal
form, depending on the pH, plutonium concentration, ionic strength
in the soil solution, and the initial plutonium form. The Pu3* and
PuO§* forms should be more mobile than Pu4+ owing to the lower
ionic charge. In the presence of complexing anions such as CO3" and
HPO3", however, Pu4" can form an anionic complex that is also very
mobile.

To describe plutonium behavior in soil, we must find the dis-
tribution of plutonium between its possible forms, as determined by
the conditions imposed by a specific soil, and the reaction of these
various plutonium forms with the solid and liquid phases of the soil.

MATERIALS AND METHODS

Plutonium in the nitrate or chelated form was used for all
studies. The adsorption coefficients, Kd*, were determined by weigh-
ing 1.0 g of soil into a polystyrene screw-cap tube and by adding 5
ml of solution containing 2 3 SPu in the desired form to each tube.
These suspensions were shaken at 21 ± 1°C for varying lengths of
time and centrifuged. An aliquot from the liquid phase was removed
for counting on a liquid scintillation spectrometer.

*Kd = (fig Pu/g soil)/(ljtg Pu/ml solution).
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The kinetics of plutonium adsorption by the soil from
COIN HNO3 was studied using the preceding techniques. Aliquots of
0.25 ml were counted at specific ti:r.° intervals, 0.1, 0.4, 0.8, 1.6,
2.4, and 3.2 hr.

Adsorption of chelated plutonium was measured by adding 5 ml
of an aqueous chelate solution to 1.0 g of air-dry soil in a tube and
adding 0.05 ml of 2 3 8 Pu as a nitrate to the liquid phase above the
soil. The tubes were allowed to stand overnight before the solutions
were mixed. The study was then carried out as described. The
chelates used were 10~2M and 10~3Af disodium ethylenediaminetetra-
acetic acid (EDTA) and 10~3M diethylenetriaminepentaacetic acid
(DTPA).

In desurption studies the plutonium remaining on the soil from
0.01AT HNO3 treatment was desorbed (extracted) with 5 ml of
0.02M chelate. Thus, the final concentration of chelate in the tubes
was 10"3M The tubes were shaken for 48 to 166 hr before the Kd
was remeasured.

Aqueous diffusion coefficients were measured in a capillary-tube
diffusion cell (Brown, 1974). The supernatant containing 2 3 8Pu,
from previous adsorption experiments, was loaded into a capillary
tube on one side of the cell; the other contained an identical solution
without plutonium.The tubes were then joined at their open ends to
allow the plutonium to diffuse across the interface. To correct the
diffusion rate due to the unavoidable mixing at the tube interface,
we made the following corrections. We assumed that for a large
number of trials, a relatively constant amount of plutonium would
cross the interface initially. The fraction of the total plutonium, Fj,
that has crossed the interface at a time t = tj can be expressed as

Fi = F i d + F m (1)

where Fjd is the fraction crossing between t = 0 and t = tj, due only
to diffusion, and Fm is that part due to mixing. Using this model, we
can measure F; at two different times and eliminate the mixing terms
by calculating diffusion coefficients based only on the amount of
plutonium diffusing across the interface between these two times.

For the boundary conditions

C = C0 ( x < 0 a t t = 0 ) (2a)

and

C = 0 ( x > 0 a t t = 0) (2b)
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where C is the concentration of plutonium in solution, x is the
distance from the interface, and Co is the initial concentration of
plutonium in the tagged capillary; the time-dependent concentration
C(x,t) is (Jost, 1960, p. 20)

(3)

where erf(x) is the error function of x. In Eq. 3, Do is the aqueous
diffusion coefficient of plutonium. The amount Q crossing the
interface between t = tj and t = t2 is given by

Q= f J A d t = A C 0 ( ^ y f(t2)"4-(t ,) s] (4)

where J is the flux due to diffusion. At the interface (x = 0) we have

The value A is the cross-sectionai area of the capillary tube, and Q is
just the difference between the total amount Qj having crossed the
interface at t, and the amount Q2 having crossed at t2 .

Q = Q 2 - Q , (6)

Dividing Eq. 6 by the total amount of plutonium present, which is
C0(hA), where h is the length of the capillary tube, we have

Dividing through in Eq. 4 by C0(hA>, we can solve for Do to obtain

Do *h Ut^-iUW (8 )

Once obtained, we can use these values to calculate an effective
radius of the diffusing plutonium particles. The Stokes—Einstein
equation (Tuwiner, 1962) for large particles will indicate whether or
not the plutonium remaining in solution is colloidal. If the effective
radius, r0) approaches 100 A0, it is assumed that the plutonium is in
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colloidal form or, at least, attached to colloidal particles in the solu-
tion. The effective radius is given by

lcT

where k is the Boltzmann constant, T is the absolute temperature, and
77 is the viscosity of the aqueous solution (assumed to be the same as
that of water at the same temperature, since only order of magnitude
is desired). Because the concept of viscosity breaks down when r0

approaches the size of the liquid molecules (1.93 A° for H2O), we
cannot determine the effective radius for very small, mobile pluto-
nium particles.

Diffusion of plutonium through the soil in the ionic form is
expected to be very slow, since a highly charged cation such as Pu4<

will be tightly held on both mineral and organic exchange sites. The
diffusion rate of plutonium as a colloidal polymer can be more rapid
than the ionic plutonium; however, the size of a colloidal particle as

): well as adsorption of the colloid by soil could limit its mobility.
\\ Plutonium can be expected to diffuse fastest as a chelated complex

(• since its charge is reduced or effectively neutralized. As the charge is
f lowered, the adsorption of plutonium by the soil will be reduced,
I and more of the plutonium—chelate complex is expected to be in the

solution phase, rather than in the adsorbed phase.
We measured the apparent diffusion coefficients, DA, of pluto-

nium in soil using the quick-freeze method (Brown, Fulton, and
Phillips, 1964). Saturated pastes were prepared from each soil using
O.OUV HNO3 and divided into two approximately equal portions.
One portion of each soil was tagged with about 0.1 /aCi of plutonium
in 0.01JV HNO3 for each gram of soil. Both portions were stirred
intermittently, by hand, for 3 days and set aside for an additional 3
days before use. The soils were packed into separate cylindrical plas-
tic diffusion cells. The tagged and un tagged cells were joined together
and held by C-clamps in a closed container with a free water surface
to maintain the original moisture content of the soil. We allowed
diffusion to progress at a constant temperature of 21 ± 1°C for a
suitable period ranging from 10 days in the sandy soil to 5 months
in the sandy loam and silt loam. The soil core was frozen in liquid air
and sliced into thin cross sections perpendicular to the diffusion axis.
The slices were placed in tared, plastic, liquid scintillation vials and
weighed from 0.1 g to 0.3 g before the plutonium was extracted
from the soil. Any organic matter present was broken up with 0.5 rnl
of concentrated HC1. Next, 0.5 ml of 2.0N Al3+ as A1(NO3)3 (2AT
Al3+, bN H*, and IN NO3 ) was added to replace plutonium from the
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cation exchange sites during the extraction. To remove the pluto-
nium from the aqueous phase, we added 2.0 ml of tributyl phos-
phoric acid to the vials, which were shaken overnight. We then
prepared the samples for counting by adding 15 ml of counting
solution. The scintillation counting fluid used was p-dioxane contain-
ing 8.0 g of PPO (2,5-diphenyloxazole) and 0.1 g of POPOP
[2,3-p-phenylenebis (5-phenyloxazole)] per liter. Counting was again
carried out on a liquid scintillation spectrometer.

The diffusion coefficient of 2 3 8 p u in the sandy soil was calcu-
lated using an IBM 370 and a program developed by Fuqua, Dunn,
and Brown, 1973. For the sandy loam and silt loam soils, we as-
sumed that the apparent diffusion coefficients were independent of
the plutonium concentration. We also assumed an equilibrium be-
tween the soil and solution phases described by

S = KdC (10)

where S is the amount of plutonium adsorbed on the soil (micro-
grams of plutonium per gram of soil) and C i? the plutonium concen-
tration in the soil solution (micrograms of plutonium per milliliter of
solution).

The transport equation for plutonium through the solution phase
is given by (Lai and Jurinak, 1972):

D o i ! c _ v | c = | £ + P b | § •
u axi ° ox at e at '

where Vo = pore velocity, which is zero in this case
Do = dispersion coefficient, which reduces to the diffusion

coefficient in the soil solution for Vo = 0
Pb = soil bulk density

e = pore fraction, which for our packed cores can be taken
as the volumetric moisture content of the saturated soil
paste &v

Equation 11 reduces to

Substituting Eq. 10 into Eq. 12 we have

Kd ax2 Kd 3t 0V 3t
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Rearranging Eq. 13, we obtain

\ i + R ; ax
2 at { '

where

l + R = l + ^ K d (15a)

is the retardation factor, and the apparent diffusion coefficient DA is

DA = p ^ (15b)

Equation 14 becomes

Applying the boundary conditions, we obtain

S = S0 ( x < 0 , t = 0) (17a)

and

S = 0 ( x > 0 , t = 0 ) (17b)

We have the same solution as in Eq. 3:

S(x t\ =^& <1 — erf - — u \ > (18)

Since essentially all the plutonium is in the adsorbed phase (KD
i> 1), we can find S(x,t) from the core slices and calculate Do for
comparison with the measured aqueous diffusion coefficients.

The solution to Eq. 18 given by Fried and Combarnous (1971)
for DA is

DA = < X ° - 1 * X ° - 8 < ) (19)

where x0 - 1 6 is the distance x corresponding to an adsorbed pluto-
nium concentration of S(x,t)/S0 = 0.16 and xo .8 4 corresponds to
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S(x,t)/S0 = 0.84. The data were converted to probit form (Brown,
Dunn, and Fuqua, 1969) for analysis by linear regression.

RESULTS AND DISCUSSION

Three soils varying in texture, cation exchange capacities (CEC),
organic matter, clay, and carbonates were selected for this study
(Table 1). These soils were all selected from areas near plutonium
processing facilities.

The plutonium concentration in our stock solution was 5 x
\<5bM in IN HNO3. The predominant ionic form expected in this
solution is the unhydrolyzed Pu4+. Plutonium should immediately
react with the soil solution when added to the tubes. A minimum
nitrate concentration of O.OlAf was maintained in all adsorption
studies to inhibit both polymerization and disproportionation to a
small extent by complexing the initial Pu4+.

In the Fuquay sand the primary form of plutonium at pH 2.3 is
PuOH3 + (Andelman and Rozzell, 1970). At the low plutonium con-
centration used, the disproportionation and polymerization are ex-
pected to be slow initially. Even with the low CEC of this soil, there
are about 10s exchange sites for each plutonium atom added, so it
should be rapidly adsorbed. Table 2 shows a high Kd for plutonium
in the Fuquay sand (>300) and a decrease in the Kd with an increase
in plutonium concentration. Disproportionation will still occur in
solution and convert plutonium to more mobile Pu(III) and Pu(VI)
forms.

The high carbonate content of the Burbank sand" loam and its
high pH, even after the addition of 5 ml of 0.0UV HNO3, seem to
complicate the reaction of plutonium with the soil. The dominant
plutonium form is probably either PuCOj* or Pu(OH)4, both of
which inhibit polymerization and disproportionation. The exchange
sites in the Burbank are primarily on 2 : 1 interstratified and
Montmorillonitic type clays. The 2 : 1 clay exchange sites, even when
saturated with Ca2"1, are much more energetic at a high pH than the
1 : 1 clay exchange sites at a low pH. Since the ratio of exchange sites
to plutonium is about twice that in the Fuquay, we would expect a
rapid initial disappearance from solution by adsorption or precipita-
tion and a high Kd. The Kd is 6 x 103 ± 3 x 103, a 20-fold increase
over Fuquay.

The Muscatine presents no clear picture for plutonium behavior.
The environmentally low pH (4.0) is high enough for both rapid
polymerization or disproportionation. Both reactions would compete
with rapid adsorption of partially hydrolyzed Pu4+ by exchange sites.



TABLE 1

CHARACTERISTICS OF SOILS USED FOR ADSORPTION
AND DIFFUSION OF PLUTONIUM

Soil*
(location)

Texture

Sand,% Clay ,3

Soluble
pH CEC, Total 00?", Clay
1:1 meq/100 g BSf,% carbon,% meq/liter type

Muscatine silt loam
(Illinois)

Burbank loamy sand
(Eastern Wash.)

Fuquay sand
(S. Carolina)

22

78

91

5.2

8.1

4.5

24.4

7.4

2.7

62 2.18

100 0.30

15 0.51

0

2.62

0.53

>50% 2:1

>70% 2:1

>70% 1:1

*Muscatine: fine silty, mixed mesic, Aquic Hapludoll. Burbank: sandy skeletal, mixed mesic,
Xeric Terriorthent. Fuquay: loamy siliceous, thermic arenic, Plinthic Paleudult.

basic cations (meq/100 g) . n r i

fBS, base saturation: % = - — x 100
CEC (meq/100 g)

a
o

o
z
>
o
o

o
2

o
-n

C
Q
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TABLE 2

ADSORPTION COEFFICIENTS OF PLUTONIUM IN SOIL

Soil

Fuquay
Fuquay
Burbank
Muscatine
Fuquay
Fuquay
Burbank
Muscatine
Muscatine
Muscatine
Fuquay
Burbank
Muscatine

No. of
samples

4
4

22
40

8
4
4
8
4
8
7
8
7

Pu form
initially

O.OINHNO3
0.01iVHNO3

O.OINHNO3
0.01/V HNO3
10'2M EDTA
10"3MEDTA
10~3M EDTA
102MEDTA
10"3JWEDTA
10"3JWEDTA
10"3MDTPA
10"3M DTPA
10~3M DTPA

Final
pH

2.3
2.3
7.2
4.0
4.3
5.5
7.5
4.3
5.6
5.6
3.9
7.7
5.1

Time,
hr

148
148
320
320
332
321
310
330
321
281
321
310
321

Activity,
jUCi/g soil

1
2
1
1
1
1
1
1
1
1
1
1
1

Kd*

316 ± 36
274 + 12

6 X 103 ± 3 X 103

8 X 103 + 2 X 103

1.61 + 0.11
120 + 15

94.5 + 3.3
23.5 + 0.7
338 + 10
281 ± 39

0.12 + 0.07
1.06 + 0.09
0.24 + 0.06

3]
m

>
o
en
n

*Mean ± 95% confidence interval.
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The more mobile Pu3+ and PuO^+ from disproportionation would
also be rapidly adsorbed by both mineral and organic exchange sites.
If polymerization were the dominant reaction, we would expect the
polymers formed to be neutral or have a slight negative charge and be
colloidal in size. These may still be adsorbed on silica surfaces
(Rozzell and Andelman, 1971). Centrifugatior. at 500 g for 1 min
should remove all soil particles greater than 1 jum and all Pu(OH)n

polymers with equivalent spherical diameters greater than 0.2 jum
from the top 2 cm of the supernatant, where samples were taken.
The high Muscatine Kd (8 x 101) indicates adsorption of plutonium
in ionic or polymeric form or the precipitation of plutonium in
particles larger than 0.2 /um. Addition of Pu(NO3 )4 to tubes contain-
ing the same soil solution without the Muscatine soil showed no
indication that plutonium precipitates in this manner; therefore, we
believe the plutonium to be adsorbed.

All adsorption coefficients were reduced if plutonium was added
in a chelated form, in general, DTPA reduced the Kd more than
EDTA, and 10"2M EDTA, more so than 10"3M EDTA.

The extraction Kd in Table 3 show the same difference between
DTPA and EDTA. The increased flexibility of the DTPA molecule
over EDTA and the extra carboxyl group on DTPA was about 70
times more effective removing plutonium from the Fuquay and
Burbank soils and 20 times more effective in the Muscatine.
Although the times shown are not the same, plutonium was consis-
tently easiest to remove from the Fuquay and most difficult to re-
move from the Muscatine. Assuming the plutonium is adsorbed in an
ionic form, the Muscatine holds plutonium more tightly than the
Burbank, and the Burbank more tightly than the Fuquay.

The kinetic studies of plutonium adsorption as a nitrate are
shown in Fig. 1. In a preliminary experiment 93, 95, and 98% of the

TABLE 3

EXTRACTION COEFFICIENTS OF PLUTONIUM IN SOIL

No. of Pu form Final
Soil

Fuquay
Burbank
Muscatine
Fuquay
Burbank
Muscatine

samples

4
5

5
5

initially

10"3MEDTA
10"3M EDTA
10"3M EDTA
10"3MDTPA
10"3M DTPA
10"3MDTPA

pH

5.5
7.5
5.6
3.9
7.7
5.1

hr

166
166

48
166
166

48

juCi/g soil

1
1
1
1
1
1

Kd*

70 ± 23
362 ± 68

1408± 262
1.08 ± 0.04
5.4 ±1.9

58.3 ± 10.8

•Mean ± 95% confidence interval.
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Fig. 1 The kinetics of plutonium adsorption by soils. The slopes of
the linear regression of In(C) on ln(t) (A in Eq. 20) are A = 0.400 in
the Fuquay, A = 0.442 in the Burbank, and A = 0.491 in the
Muscatine. In all three soils we had r2 > 0.99 with an initial
plutonium concentration of 2 X 1 0 s M.

: " 4

plutonium added initially to the Fuquay, Burbank, and Muscatine
soils, respectively, was adsorbed in the first hour. To tstimate how
fast the initial adsorption occurred, we measured the amount in solu-
tion at 6 min and found that 78, 89, and 93% of the total was
adsorbed by the Fuquay, Burbank, and Muscatine soils, respectively.
The investigation showed that the plutonium concentration remain-
ing in solution, C, changes with time as

in = - A ln(t) (20)

The data points shown on the linear regression lines in Fig. 1
were obtained by averaging values from 3 runs on each soil. Values
for A in Eq. 20 are very close (Muscatine, A = 0.491; Burbank, A =
0.442; Fuquay, A = 0.400). The adsorption rate in the Muscatine
might actually be larger since the Muscatine has the largest Kd of the
three soils. However, the adsorption rates may all be essentially the
same with the Kd being determined by the initial adsorption. In
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either case, the Muscatine Kd would always be the highest, and
Fuquay Kd the lowest.

Aqueous diffusion coefficients were measured at 21 ± 1°C using
the plutonium remaining in solution after adsorption by a soil The
Do for plutonium in Fuquay sand at pH = 2.3 was 2.7 x 10~5

cm2/sec. The corresponding Stokes—Einstein radius, r0, was 0.8 A°.
Plutonium moves in this solution as a mobile form that can be ionic
or as a complex with inorganic ions in the soil solution. The pluto-
nium in solution after adsorption by the Burbank had a Do of 3.6 x
10"6 cm2/sec giving us an r0 of 6.1 A°. This is probably either a
plutonium complex formed with the CO2," in solution or a small
Pu(OH)n polymer. The aqu-aous diffusion coefficient found for plu-
tonium in the Muscatine solution was more variable than in either of
the other soils. The mean Do in Muscatine was Do = 3 x 10~7

cm2/sec and gave r0 = 70 A0. The plutonium in solution can be
colloidal, or it can be complexed by organic matter from the soil. At
pH = 4.0 we probably have a mixture of these immobile forms.

The apparent diffusion coefficient of plutonium in a soil can be
estimated from Eq. 15. We expect DA to be large in a soil having a
large Do and a low Kd. As Do decreases and Kd increases, we expect
DA to decrease.

The Fuquay cores were packed to a bulk density, pb> of 1-36
g/cm3 with a volumetric water content, 0v, of 30%. The plutonium
concentration in the soil solution (for all three soils) was approxi-
mately the same as in the adsorption experiment; thus a Kd of about
300 is expected. The apparent diffusion coefficient expected in the
Fuquay sand, from Eq. 15, is 2.0 x 10"s cm2/sec. At 240 hr the
Fuquay diffusion cores had dried to 24%, and DA = 1.4 x 10"8 ± 0.9
x 10"8 cm2/sec, at the interface.

The apparent diffusion coefficient in the Burbank soil was mea-
sured as DA = 8.5 x 10"' ' + 1.1 x 10"' ' cm2/sec after 5 months.
The cores dried from 30 to 14% moisture in spite of a moisture-
saturated atmosphere. The expected value for DA = 9.2 x 10"M

cm2/sec, with Pb = 1.44 g/cm3 and 0V = 22%. For long-term diffu-
sion, Eq. 15 holds. For shorter times the equilibrium model (Eq. 10)
does not hold. After 244 hr a saturated core showed DA = 4.4 x
10"9 cm2/sec. The kinetics study shows that there is an initial rapid
adsorption, but the high Kd is not reached for some time; thus we
expect more rapid movement immediately after the addition of plu-
tonium to the soil.

In the Muscatine, plutonium movement was undetectable for
times less than 300 hr; however, at the end of 1440 hr, an apparent
diffusion coefficient of 7 x 10" ] ' ± 3 x 10" n cm2/sec was found.
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After 5 months three cores (pb = 1-33 g/cm3), which had dried from
42 to 23% moisture, were analyzed; and DA was found to be
2.4 x 10"' ' + 2.4 x 1CT1' cm2 /sec. In both cases the error term was
of the same magnitude as the measured value owing to the large slice
widths, 0.04 cm. The expected DA was 0.9 x 10"' ! cm2/sec, which
was below the lower limit (2.4 x 10"' ' cm2/sec) imposed by equip-
ment restrictions.

All apparent diffusion coefficients showed a decrease with time.
Adsorption of plutonium by the soil continually reduces the pluto-
nium concentration in the solution phase, and an approach to the
equilibrium model was seen. Figure 2 shows tlie plutonium in the
adsorbed phase for the three soils. Movement of plutonium in the
Muscatine and Burbank soils after 5 months is much less than that in
the Fuquay after only 10 days. The mobility of plutonium in the soil

1.0

y 0.5
o

o.o
-0.3 -0.2 -o.i o o.i

DIFFUSION AXIS, cm

0.3

Fig. 2 Concentration of plutonium in the adsorbed phase of soil as
a result of movement by diffusion. Movement in the Fuquay sand
was the most rapid (DA = 1.4 X 10"8 cm2/sec) and was measurable
after only 10 days. In the Burbank soils movement was considerably
slower (DA = 8.5 X 10 ' ' cm2/sec) over a 5-month period.
Plutonium moved the least in Muscatine (DA < 2 . 4 X 1 0 " "
cm2/sec) over a 5-month period. The apparent diffusion coefficient
of plutonium in the Fuquay sand agreed with the equilibrium model,
and the D A in Burbank and Muscatine soils approached an equilib-
rium model as time increased.
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is controlled by its mobility in solution and the ability of the soil to
adsorb it.

Plutonium entering the soil as an ionic contaminant in waste-
water would be rapidly adsorbed. Under normal conditions we ex-
pect periodic saturated flow in the Fuquay and Muscatine soils. Dif-
fusion is the dominant process for movement in unsaturated
conditions. An estimate of movement by diffusion is given by
x = (DAt)^, where t is the diffusion time and x is the estimated
distance of plutonium movement. Thus, 1 cm of movement by diffu-
sion will take 2 years in the Fuquay sand, 350 years in the Burbank
sandy loam, and 1900 years in the Muscatine silt loam.

Since the relatively large amount of plutonium in the solution
phase is leached through the soil profile, we expect much more than
1 cm >f movement in 2 years through the Fuquay sand. Because of
the very small plutonium concentration in the Muscatine soil solu-
tion, we expect that colloidal transport by leaching may be just as
significant over 1900 years. The arid conditions expected in the
Burbank series would slow the diffusion process down owing to
resulting thinner water films and greater tortuosity as compared with
the saturated cores.

Plutonium entering the soil in a chelated form or plutonium
extracted from contaminated soil by some man-made chelating agent
or organic matter is more mobile in the soil than is ionic plutonium.
The low Kd for chelated plutonium also indicates that much of this
form is in the solution phase of the soil, not in the adsorbed phase.
Thus, chelated plutonium will move more rapidly in any soil than
will ionic or polymeric forms. Eventually, the chelating agent will be
broken down by biological processes, but this may not happen
before the plutonium has been transported to the groundwater or
taken up by vegetation.
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I ABSTRACT

I The distribution of fallout l 3 7Cs was studied in a small agricultural watershed in
j Shawano County, Wis. The watershed drains into White Clay Lake, a small,

shallow glacial outwash lake. Soil samples were collected in 1974 and 1975 from
wooded, pastured, and cultivated sites on the watershed. In the noncultivated
areas ' 3 7Cs was concentrated largely in the surface 5 cm of the soil pedons, but
in the cultivated areas it was distributed throughout the plow layer. The amount
of ' 7Cs found in the soil pedons in the cultivated areas was less per unit area
than that found in the noncultivated areas. The amounts of ' 31Cs found in the

, soil pedons in the cultivated areas were correlated with small changes in eleva-
i tion. Thus, although the total content of ' ' 7Cs for a given field indicated an

overall loss, small changes in topography within fields have resulted in areas of
excessive losses (erosion) and of accumulations (deposition).

Although erosion of agricultural land has been of major concern for
many years, millions of hectares of cropland that are not adequately
treated are still eroding. Soil loss tolerance limits have been estab-
lished to provide soil management guidelines to help ensure the
future productivity of our land. The eroded soil reflects not only the
reduced productivity of the land but is also the cause, as sediment, of
severe damage along the transport route and in depositional areas.
Sediment is produced each year in enormous quantities (Robinson,
1971) and, in addition to being a major pollutant itself, serves as a
carrier of chemical and biological pollutants.

Historically, predictions of runoff and erosion have been based
on data collected over a wide geographical area. The rational
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(Schwab etal., 1966) and the Soil Conservation Service (U. S. De-
partment of Agriculture, 1969) methods are based on generalized
watershed characteristics and predict runoff without identifying the
portions of the watershed that produce the surface runoff. The
Universal Soil Loss Equation (Wischmeier, 1976) was designed to
predict soil loss from sheet and rill erosion. The soil loss predicted by
the equation is that soil vhich has been removed from a particular
slope segment of a given length represented by the selected topo-
graphic factor. In most cases, however, not all the sediment produced
leaves the field. Thus, a field's sediment yield is the total of the soil
losses produced on the slope segments less that soil deposited in field
depressions, at the end of slopes, along field boundaries, in terrace
channels, etc. We need to better identify those areas within water-
sheds where erosion occurs and where deposition occurs in order to
develop land practices and treatments needed to minimize the pollu-
tion (sediment producing) potential.

The development of methods that will identify runoff and
sediment-producing areas, as well as sediment deposition areas, in
agricultural fields is needed. One method that has shown promise is
the ' l7Cs technique (McHenry and Ritchie, 1975). As a result of
atmospheric testing of nuclear devices, radioactive fallout ' 3 7Cs has
been deposited, along with other radioisotopes, over much of the
earth's surface. Cesium is strongly adsorbed; or fixed, by soil particles
(Benson, 1960) and as such becomes an effective tag or tracer of soil
particle movement. In this chapter we describe a study we are con-
ducting in Wisconsin to evaluate the potential of quantifying the
movement of sediment in agricultural watersheds from measurements
of ' 3 7Cs concentrations in soil pedons.

MATERIALS AND METHODS

Soil samples were collected from agricultural fields in White Clay
Lake Watershed in Shawano County, northeast Wisconsin. The water-
shed of about 1100 ha is devoted to intensive agricultural (dairy)
production. The soils on the watershed range in texture from sandy
loams to clays. Soils sampled were collected from the Onaway loam
and Emmet sandy loam, which are similar in characteristics. The
topography is rolling with slopes ranging from nearly level to 12%.
The soil samples were taken in 5-cm increments to 25 or 30 cm.
Volumetric sampling rings were used to take the samples, which
consisted of a composite of ten 8.5- by 5-cm soil cores. In the labora-
tory the samples were air dried, passed through a screen with 12-mm
openings and dried at 70°C prior to radiological analyses.
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Gamma-ray spectrometric analyses were made using a 1024-
channel pulse-height analyzer. A 10- by 12.5-cm Nal(Tl) crystal was
used as the detector. Details of the procedure and equipment are
described by the authors in a previous report (Ritchie and McHenry,
1973b). The gamma-ray spectra were resolved to give concentrations
of I 3 7 Cs. Mechanical analyses were performed using a modified
pipette method (Kilmer and Alexander, 1949). Total carbon was
determined by dry combustion (Gustin, 1965).

Analyses of variance were made with untransformed, nonpooled
data. Each field was analyzed and reported as an entity. Each field
had a similar cropping history; thus, the designation of corn or alfalfa
refers to conditions of the sampling year. Each cropped field is repre-
sentative of conditions in the watershed. Distribution of ' 37Cs in the
soil pedons should not be influenced by designated cover.

RESULTS AND DISCUSSION

We estimated the amount of ' 3 7 Cs fallout on the study water-
shed from the concentration of ' 3 7 Cs found in undisturbed and un-
eroded soils existing under a forest cover. We sampled six soil profiles
(Onaway loam) under a mixed oak—maple cover, and the measured
concentrations of ' 3 7 Cs are summarized in Table 1. The data indi-
cated at least 124 nCi/m2 of ' 3 7Cs had been deposited on these soils
in the White Clay Watershed. We used this value as the base level for
the content of fallout ' 3 7Cs in the soils of the watershed.

The vertical distribution of ' 3"'Cs in the soil pedons under the
undisturbed oak—maple forest was similar to that found in other
studies (Gersper, 1970; Ritchie, McHenry, and Gill, 1972) with the
highest concentration of ' 3 7 Cs being found in the upper 5 cm. The
depth of movement of ' 3 7 Cs in these soils was greater than was
found in soils previously studied. This greater depth of penetration
of the soil profile was probably due to the greater sand content of
these soils. The upper 10 cm of the soil profile contained 75% of the
1 3 7Cs. The total amount of 137Cs in the forest soil pedons was
similar to the amount of fallout measured at Green Bay, Wis. (Hardy,
1975).

Two fields of corn (Zea mays L.) (A, Emmet sandy loam; B,
Onaway loam), two of alfalfa (A, Emmet sandy loam; B, Onaway
loam) (Medicago sativa L.), and one pasture (Onaway loam) of mixed
grasses and clovers were sampled. Six soil pedons were sampled in
each corn and alfalfa field, but only two soil pedons were sampled in
the pasture. In addition, one pedon (Emmet sandy loam) was
sampled from the fence row adjacent to a cornfield. The ' 3 7 Cs



498 McHENRY, RITCHIE, AND BUBEIMZER

TABLE 1

THE CONCENTRATION OF ' 37Cs MEASURED IN
UNDISTURBED SOIL PEDONS UNDER OAK-MAPLE

COVER, IN PASTURE, AND IN FENCE ROW, WHITE CLAY
LAKE WATERSHED, SHAWANO COUNTY, WISCONSIN, 197-i

Cover*

Depth, cm

0—5
5—10

10-15
15-20
20-25
25-30

Total

Oak—Maple
(6 pedons)

54.0 ± 4.9
42.0 ± 6.2
18.1 ±6.5
6.7 ± 2.4
4.7 ± 1.4

ND

123.6 ± 12.7 (SE =

Pasture
(2 pedons)

' " C s , nCi/m2

54.9 ±4.9
40.0 ± 1.1
14.3 ±0.1
3.6 ± 2.3
2.5 ±0.6

ND

5.2) 115.3 ±0.8 (SE

Fencevov,

(1 pedorO

59.3
47.0
26.5
13.0
6.9
3.7

= 0.55) 156.1

*Mean ± standard deviation. ND, not determined.

concentration data are summarized for these sites in Tables 1, 2,
and 3.

The vertical distribution of ' 3 7 Cs in the rotation corn and alfalfa
fields differed from that in the oak—maple forest or in the pasture.
In these cultivated soils, the ! 3 7 Cs was distributed more or less
uniformly in the upper 20 to 25 cm of the soil pedon. This depth
represented the plow layer, which had been mechanically mixed by
tillage. These findings are consistent with other studies (dine and
Rickard, 1972; Ritchie and McHenry, 1973a) on the distribution of
1 3 7Cs in cultivated and disturbed soils.

The total amount of ' 3 7Cs in the soil under the corn and alfalfa
was significantly lower than that measured under the undisturbed
forest sites indicating that I 3 7 Cs had moved from the watershed.
Studies have shown that the loss of ' 37Cs from an area in a water-
shed can be related to the amount of soil erosion (Ritchie, Spraberry,
and McHenry, 1974).

The measured concentrations of ' 3 7Cs per unit area varied from
site to site and with depth. Analyses of variance of the data (Table 4)
from the two fields in corn in 1974 indicated that, although there
was no significant difference of ' 37Cs with sampling site in one field
and a significant difference (95%) in the other, there was a highly
significant difference (99%) of ! 3 7 Cs with depth in both fields.
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TABLE 2

THE CONCENTRATION OF131 Cs MEASURED IN SOIL PEDONS
SAMPLED IN 1974 UNDER CORN (Zea mays L.) COVER, WHITE
CLAY LAKE WATERSHED, SHAWANO COUNTY, WISCONSIN

1

Depth, cm

0—5
5-10

10-15
15-20
20—25
25—30

; Total

Depth, cm

0 - 5
5-10

10—15
15-20
20-25
25-30

Total

17

25.7
24.3
26.3
23.5
9.6
3.0

112.4

29

19.9
21.2
20.5
18.6
16.9
6.1

103.2

18

14.1
22.2
22.5
21.7
11.5

3.7

95.7

30

20.4
19.3
20.8
20.2
18.3

8.0

107.0

Pedon,

19

1 3 7 C g

20.9
24.2
23.4
20.5
21.1

2.9

113.0

Pedon,

31

l 3 7 Cs,

19.9
22.8
19.5
21.1
17.0

5.4

105.7

Field A*

20

nCi/m2

14.3
19.4
22.2
22.2
16.9

4.8

99.8

Field Bt

32

nCi/m2

18.1
17.6
19.9
18.7
20.0
10.2

104.5

21

22.9
21.6
23.0
23.7
21.9
10.2

123.3

33

22.6
21.8
20.2
18.9
19.6
17.8

120.9

22

16.8
17.0
16.1
18.9
16.7
16.7

89.3

34

24.4
26.3
14.5
20.3
21.6
21.7

128.8

*x = 105.6, SD = 12.74, SE = 5.20.
tx = 108.6, SD = 11.61, SE = 3.35.

When the data from both fields were combined, there was no signifi-
cance of the interaction terms. The data (Table 2) indicated we had
not sampled the entire pedon containing ' 37Cs for pedons 21, 32,
33, and 34. We assumed that the fallout ' 37Cs was incorporated in
the soil pedon to the depth of tillage, probably 20 to 25 cm in this
watershed. As the soil was eroded, the remaining soil, with its ' 37Cs
content, was mixed by cultivation with the underlying soil to a depth
of 20 to 25 cm. This process would continue as long as the field was
cultivated. If sediment deposition occurred, the depth of soil con-
taining ' 3 7Cs would exceed the plow depth; i.e., we assumed that, if
the depth of soil containing ' 37Cs exceeded 25 cm, there had been
deposition. Thus, pedons 21, 32, 33, and 34 in the cornfields do
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TABLE 3

THE CONCENTRATION OF > 37Cs MEASURED IN SOIL PEDONS
SAMPLED IN 1974 UNDER ALFALFA (Medicago sativa L.)

COVER, WHITE CLAY LAKE WATERSHED,
SHAWANO COUNTY, WISCONSIN

Depth, cm

0 - 5
5-10

10-15
15—20
20-25
25-30

Total

Depth, cm

0 - 5
5-10

10-15
15-20
20—2 b
25-30

Total

*x = 87.9, SD = 13
t x = 96.7, SD = 19

23

22.5
22.3
22.9
10.4

3.4
2.4

83.9

35

22.8
24.0
24.9
23.4

9.8
2.8

107.7

.24, SE =

.17, SE =

24

17.8
19.4
21.4
19.2
18.0

9.8

105.6

36

23.9
26.1
28.2
25.3
23.3
14.4

141.2

Pedon, Field A*

25 26

137Cs, nCi/m2

15.1
14.5
17.6
16.8
3.6

ND

67.6

15.8
18.2
18.4
20.8
17.4

2.9

93.5

Pedon, Field Bt

37 38

137Cs, nCi/m2

25.6
24.7
20.9
21.1
14.1
4.4

110.8

15.8
18.4
18.8
18.8
11.5

2.7

86.0

27

15.2
20.1
21.8
19.8

0.9
3.4

81.2

39

17.7
22.7
21.3
21.0
18.4

4.4

105.5

5.41. ND, not determined.
5.53.

28 j

17.4
20.0
17.4
16.3
16.4

8.1

95.6

40

24.2
26.5
18.9 J

7.7 j
3.2 i
2.7 I

83.2 !

represent areas of deposition within a field. If the measured 1 3 7Cs
content of a soil pedon was less than the assumed base deposition,
i.e., 124 nCi/m2 of ' 37Cs, ther jrosion had removed some soil since
the advent of l 3 7 Cs fallout. Under corn (Table 2) only one soil
profile, No. 34, contained more ' 3 7Cs than the base level. Here a net
deposition had occurred. In pedons 21, 32, and 33, deposition had
occurred, but there also had been erosional losses such that the net
effect was a loss.

The analyses of variance (Table 4) of the ' 3 7Cs contents in soils
in fields of alfalfa in 1974 showed similar results; i.e., the sampled
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TABLE 4

SUMMARY OF ANALYSES OF VARIANCE ON
WHITE CLAY LAKE WATERSHED DATA

Cover

Corn
Field A

Corn
Field B

Alfalfa
Field A

Alfalfa
Field B

Woods

Profiles No.

17—22

29-34

35-40

23—28

41—46

NS, not significant.
•Significant, 95%.
**Highly significant

Sampling location
Depth in profile

Sampling location
Depth in profile

Sampling location
Depth in profile

Sampling location
Depth in profile

Sampling location
Depth in profile

, 99%.

Significance of
analyses of variance

1 3 7Cs

*

NS
**

**
**

NS
**

NS
**

C,%

*
*

**
NS

NS
**

NS
*

**
**

Clay,%

**
NS

**
NS

**
NS

**

NS
*
NS

sites showed a variance in ' 37Cs content that was not significantly
different from normal, but the distribution by depth was highly
significantly different. Again, as with the cornfields, when the data
from these two fields in alfalfa were combined, there was no signifi-
cance of the interaction terms. In alfalfa field;; in 1974, the amount
of l 3 7 Cs in the sampled soil pedon exceeded the calculated base level
in only one pedon, No. 36 (Table 3). Erosion had been active in most
of the cultivated areas sampled. The same was true for the pasture
sites, although the soil loss was small. In the one pedon, collected in
the fencerow (nontilled), considerable buildup of l 3 7 Cs had oc-
curred, probably as a result of tillage and of drifting of soil into the
fencerow.

The distribution of fallout l 3 7 Cs within the White Clay Lake
Watershed was (Tables 1 to 3) relatively uniform. Statistical treat-
ment of the data showed some small differences in ' 3 7 Cs content
with site. Similar statistical tests were made on the total carbon and
<2-/um clay data for the soil profiles. A summary of the results of
these analyses of variance is shown in Table 4. Th? results showed
that the areal distribution of ! 3 7 Cs was uniform but the distribution
with depth in the soil pedons was variable, reflecting the variation of
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induced movements within the plow layer. This is the typical pattern
of distribution of an atmospheric fallout element which is not mobile
in the pedon except by mechanical action. Clay, another soil com-
ponent, and tot-S. carbon, an indicator of organic matter distribution,
varied in horizontal and vertical distribution as a result of soil differ-
ences and developmental processes.

Elevation contours were established on the four cultivated fields,
and these indicated that pedons Nos. 32 to 34 were'in an area lower
than the surrounding field and the natural drainage was obstructed
by a roadway. Thus, eroded soils transported by runoff waters into
these areas were deposited on the pedon surfaces. Pedon No. 36 was
not located in a low area, but the data indicate surface accretion had
occurred. The considerably lower amounts of l 3 7 Cs in pedons
Nos. 23 to 28 were partially a result of the much steeper slope (ap-
proximately 6%) of this field. In contrast, pedons Nos. 17 to 22,
located on a much less sloping area (approximately 1%), had rela-
tively higher concentrations.

In addition to the within-field deposition of eroded soil, much of
the ' 37Cs displaced from its original depositional site was found in a
marsh area downstream from the studied cultivated areas. We are
continuing to document the extent of this movement and deposition.
When the data are available, we will be able to compare field erosion
soil losses with those estimates of soil losses calculated with the
Universal Soil Loss Equation.

CONCLUSIONS

The distribution of fallout ' 37Cs in a small agricultural water-
shed in Shawano County, Wisconsin, was relatively uniform areally.
The l 3 7 Cs has been redistributed by erosion and tillage. Tillage in-
corporated the fallout l 3 7 Cs to the depth of plowing. Erosion re-
moved soil particles and the attached 1 3 7Cs. Soil and K '7Cs losses
were greatest in areas of greatest slopes. In some areas of lesser slopes
or impeded drainage, soil and ' 37Cs had been deposited so that the
total content of ' 3 7Cs in the pedoii exceeded that from fallout. We
believe that this technique offers a means to compare recent field soil
losses with soil losses estimated by the use of the Universal Soil Loss
Equation.
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POTENTIAL USE OF FLY ASH
AS A LIMING MATERIAL

H. T. PHUNG, L. J. LUND, and A. L. PAGE
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California, Riverside, California

ABSTRACT

A Reyes silty clay (Sulfic Haplaquept, pH 4.1) was limed with fly ash (pH 12.5)
at rates of 0, 0.4, 1.0, 2.0, 5.0, and 10% and with reagent grade CaCO3 at rates
of 0.4, 1.0, and 2.0% by weight. The treated samples were mixed and incubated
at V3 bar soil moisture content for varying periods up to 4 months. Fly ash was
equivalent to 20% of reagent-grade CaCO3 in reducing soil acidity and supplying
calcium needs. An estimated rate of 5% by weight or 115 tonnes of fly ash/ha is
required to increase the soil pH from its original 4.1 to 6.3. Treating the soil
with either CaCOj or fly ash resulted in decreased concentrations of
exchangeable aluminum and manganese and increased diethylenetriaminepen-
taacetic acid (DTPA) extractability of copper, zinc, and manganese. The data
suggest that fly ash applied at the 5 and 10% rates to the Reyes soil would not
cause salt injury but may cause boron toxicity to plants and induce phosphorus
deficiency.

With increased demands for electrical energy and cleaner air, the
production and collection of fly ash by electric generating plants
continue to increase. In 1976 an estimated 37 million tons of fly ash
will be produced (Brackett, 1973). Although fly ash is used in
concrete, building blocks and as roadbed stabilizer in the construe-"
tion industry, most of that generated is disposed of in lagoons and
landfill areas. The commercial consumption of fly ash in the past has
been less than 10%, and the amount of fly ash utilization in
agriculture has been negligible (Brackett, 1973). Increased fly ash
usage in agriculture in the future is probably contingent on
experimental findings that demonstrate beneficial effects from this
practice.

504
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One promising use for large quantities of fly ash appears to be as
an amendment on agricultural lands. Fly ash has contributed to the
reclamation of acidic coal-mine spoils (Adams, Capp, and Eisentrout,
1971). Experimental plots were treated with fly ash and planted to a
variety of grasses, legumes, trees, and shrubs. Good establishment of
fescue, rye and redtop grasses, and bird's-foot trefoil was attributed
to the increases in pH and available moisture and to improved soil
texture of the ash-spoil mixture. Increased yields of alfalfa were
obtained with the applications from 8 to 32 tons of fly ash per acre
to an acidic Cecil soil (Martens and Plank, 1973).

Some problems with fly ash toxicities have also been encoun-
tered. Rees and Sidrak (1956) showed that barley and spinach grown
on ash (pH>8.5) exhibited symptoms of aluminum and manganese
toxicities. Holliday et al. (1958) reported that boron was toxic to
barley and oats grown on fly ash and that the order of plant species
tolerance to fly ash is similar to that of tolerance to boron as
reported by the U. S. Salinity Laboratory Staff (U. S. Department of
Agriculture, 1954).

Depending on the coal source, fly ash varies widely in its pH
(Plank and Martens, 1973) and elemental composition (Abernath,
Peterson, and Gibson, 1969). An examination of fly ash collected
from the Mojave Generating Station in Nevada revealed that it is
strongly alkaline and contains readily available calcium. This study
was designed to compare the neutralizing capacity of Mojave fly ash
to that of CaCO3 and, subsequently, to determine the effects of
liming on micronutrient availability and possible elimination of
excessive amounts of aluminum and manganese in a strongly acid
soil.

MATERIALS AND METHODS

An incubation experiment with fly ash- and CaCO3-amended
soils was conducted to assess the neutralizing capacity of Mojave fly
ash. The fly ash used in this experiment was collected from the
electrostatic precipitators of the Mojave Generating Station. The
station, which has two 750-MW units, burns coal from the Black
Mesa formation of Arizona and New Mexico. The fly ash consisted of
32.5% sand-sized mattrial (2 to 0.05 mm), 63.2% silt-sized material
(0.05 to 0.002 mm), and 4.3% clay-sized material (<0.002mm) as
determined by particle size analysis by the pipette method (Day,
1965). It is chemically similar to a strong base consisting mainly of
oxides and hydroxides. The pH of a saturated paste of fly ash was
12.5, and the electrical conductivity (EC) was 7.5 mmhos/em.
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The soil used in this study was from the surface horizon (0 to
15 cm) of Reyes silty clay (Sulfic Haplaquept). The cation exchange
capacity of the soil was 34 meq/100 g, and the organic carbon
content was 1.8%. A saturated paste of the soil had a pH of 4.1.

Fly ash in amounts equivalent to 0, 0.4, 1.0, 2.0, 5.0, and
10.0 wt.% was thoroughly mixed with 150 g of soil. Calcium
carbonate .was added at rates of 0.4, 1.0, and 2.0 wt.%. The
amended soils were moistened to their % bar water content (37%)
and placed in a constant temperature room (25°C). The moisture
content was maintained throughout the experiment by weekly
additions of deionized water. •

Duplicate samples of each treatment were taken from the
incubation room periodically up to 4 months. One-half of the
amended soil was removed from the container, dried at 50°C for ;
24 hr, and crushed to pass a 2-mm sieve. The remainder was made
into a saturated paste and allowed to 'jquilibrate overnight. The •
following day the pH's of the paste were measured, and the extracts , \
were collected by suction. Electrical conductivities and water-soluble \
Ca, Mg, B, Ba, and Sr contents of the saturation extracts were " j
determined. The availability of micronutrients were measured by :J 4
shaking 10-g samples of air-dried soil in 20 ml of 0.005M DTPA _ j
(diethylenetriaminepentaacetic acid,'pH 7.3) for 24 hr and analyzing f
the filtrates for Cu, Zn, Fe, and Mn. The treated soils were also ; \
extracted with N NH4OAc (pH 7.0) using the procedure outlined by : j
Chapman (1965) for exchangeable Ca, Mg, Mn, and Fe. Exchange- j
able Al was extracted with N KC1 (Yuan, 1959). Available P was \
extracted with dilute HC1—NH4 F (Olsen and Dean, 1965). s I

Calcium, Mg, Al, Fe, Cu, and Zn were determined by atomic :, j
absorption spectrometry, B was determined by the curcumin method >'^
(American Public Health Association, 1971), and P, by the reduced ;'"'.]
molybdiphosphoric blue color method (Olsen and Dean, 1965). : J
Strontium was measured by emission spectrometry.

A separate experiment was conducted to evaluate the phosphorus i J
retention capacity of a fly ash-amended soil. Fly ash was added to • ''jl
150-g samples of the Reyes soil at rates of 0, 1.0, 5.0, and 10 wt.%. ; 'q
The mixtures were thoroughly shaken. Sixty milliliters of phos- ' ,s
phorus solution containing 150 jug of phosphorus as Na3PO4

(pH 6.8) were added. The mixtures were stirred thoroughly and \
incubated at 25°C for periods from 10 days to 6 months. Soil \\
moisture content was maintained throughout the experiment. At j I
each sampling date duplicate samples were removed from the j „ {
incubation room, oven-dried (110°C), and ground to pass through a
2-mm sieve. Available phosphorus was estimated by the procedure
mentioned previously (Olsen and Dean, 1965).
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RESULTS AND DISCUSSION

The Mojave fly ash is composed primarily of Si, Al, Fe, and Ca
(Table 1). Compared to agricultural limestones, the fly ash contains
considerably less Ca and Mg but substantially more Si, Na, Al, Fe,
and S.

TABLE 1

SOME MAJOR CONSTITUENTS OF MOJAVE
FLY ASH AND AGRICULTURAL LIMESTONES

Element

Ca
Mg
Si
Na
K
Al
Fe
S

CaCO3t equiv.

Fly ash, %

4.6
1.2

10.0
0.3
0.9

18.0
3.0
0.25

20

Agricultural limestone,* %

Average

30.21
4.92
2,36
0.03
0.23
0.45
0.43
0.11

95.70

Range

17.98 — 39.76
0.04-12.86
0.03-15.53

0.001-0.148
<0.001 — 1.80
<0.01 —2.15

0.01-3.11
<0.01-1.35

64.12 — 107.71

*From Chichilo ami Whittaker (1961).
tThis is an expression of the neutralizing capacity in

terms of CaCO3 equivalent of the material.

Additions of fly ash or CaCO3 increased the pH of the Reyes soil
(Fig. 1). There was no difference in reaction rate between the two
liming materials. The soil pH increased immediately upon additions
of fly ash or CaCO3 but declined slightly within 30 to 90 days
following the start of the equilibration. Changes in soil pH over the
incubation periods were not significant.

The 2% fly ash treatment showed a neutralizing capacity
approximately equal to that of 0.4% CaCO3. After 120 days an
application rate of 5% fly ash or 1.0% CaCO3 increased the soil pH
from 4.1 to 6.3, which is in the range considered favorable for plant
growth (McLean, 1970). Martens and Plank (1973) have also
reported that application of the Clinch River fly ash was about
one-fifth as effective as dolomitic limestone in increasing the pH of
an acid Cecil soil. The 5% fly ash rate is equivalent to an application
of 115 tonnes/ha to the surface 15 cm.
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The exchangeable calcium concentrations were significantly
increased in the treated soils (Table 2). However, the available
calcium concentrations in the fly ash-treated soil were about
one-fifth as much as the calcium concentrations in the corresponding
CaCO3-treated soil. The results suggest that fly ash additions to
strongly sHd soils, especially those of coarse texture and low cation
exchange capacity (CEC), can reduce soil acidity and correct calcium
deficiency. The exchangeable magnesium concentrations, however,
show no significant differences regardless of application rate or
source of liming material.

TABLE 2

CONCENTRATIONS OF SOME EXCHANGEABLE AND DTPA-
EXTRACTABLE CATIONS IN THE REYES SOIL AS

INFLUENCED BY THE APPLICATION OF FLY ASH OR CaCO3 *

Application
rate, %

Check

Fly ash
1.0
2.0
5.0

10.0

CaCO3

0.04
1.0
2.0

Exchangeable cation

Ca

5.0 e

8.8 de
12.4 d
20.1 c
35.6 b

12.8 c
24 b
42 a

Mg

10.6 a

11.6 a
11.9 a
11.9 a
7.9 a

10.2 a
9.6 a
9.2 a

meq/100 g

Al

8.8 a

3.6
0.7
0.2
0

b
c
d
d

0.12 c
0.3
0

d
d

Mn

0.39 a

0.18 b
0.11 c
0.09 cd
0.05 d

0.12 c
0.09 cd
0.06 d

DTPA-extractable cation, pig/g

Mn

34 b

15 c
20 c
68 a
43 b

22 c
72 a
64 a

Fe

287 a

214 b
217 b
228 b
149 c

209 b
219 b
191 b

Zn

0.80 c

1.6
2.3
2.7
2.7

2.1
2.8
2.6

be
a
a
a

ab
a
a

Cu

0.94

3.3
4.9
8.4
8.4

5.0
8.6
8 4

c

b
b
a
a

b
a
a

•Averages of all sampling dates. Numbers within a column followed by
different letters differ at the 5% level (Duncan's multiple range test).

Aluminum and/or manganese toxicities have been identified as
agents mainly responsible for poor plant growth on strongly acid
soils (Adams and Pearson, 1967). Minimum levels that are toxic in
terms of exchangeable aluminum vary from 0.1 to 3.0 meq/100 g of
soil (Adams and Pearson, 1967). The Reyes soil contained 8.8 meq
of exchangeable aluminum/100 g, which undoubtedly would cause
aluminum toxicity even to the most aluminum-tolerant plants. Fly
ash appeared to be approximately one-fifth as effective as CaCO3 in
reducing the excessive amounts of exchangeable aluminum in the soil
(Table 2). Likewise, concentrations of exchangeable manganese were
drastically reduced by additions of fly ash or CaCO3.
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Major shifts in soil pH generally result in significant changes i
the availability of micronutrients (Adams and Pearson, 19'.w.
McLean, 1970). In this study, concentrations of DTPA-extraetatm
manganese decreased at the low application rates of fly ash or CaCO,
but sharply increased at the l.C and 2.0% CaCO3 or 5% fly ash
(Table 2). The decrease in DTPA-extractable manganese at the 10%
fly ash treatment was probably due to the high pH of the mixture.
Sanchez and Kamprath (1959) found that the exchangeable man-
ganese levels of acid Blanden and Norfolk soils were reduced more
than one-half when they were limed to pH 6.7 and 7.1, respectively.
Concentrations of iron in the DTPA extracts were significantly
reduced as a result of additions of fly ash or CaCO3 (Table 2). The
application rate had a significant effect only at the 10% fly ash rate.
The data presented suggest that iron in the fly ash is not available for
plant uptake.

The levels of DTPA-extractable copper and zinc were signifi-
cantly increased in the treated soil, notably the level of copper, with
increasing rate of application (Table 2). Apparently, the net increases
in concentrations of these two micronutrients were from both soil
and fly ash.

Preliminary results indicated that the Mojave fly ash had an
enormous phosphorus retention capacity (>1000#g of P/g). This is
probably due to the strong alkalinity and high concentrations of
calcium, iron, and aluminum (Table 1). For this reason, the
extractable phosphorus levels of the treated soils were determined.
Additions of fly ash to the Reyes soil decreased the availability of
native and, in particular, of added soluble phosphorus (Fig. 2).
Treating the soil with CaCO3 resulted in a slight increase or no
change in the extractable phosphorus. Additions of fly ash, however,
decreased the extractability of native phosphorus as the rate of
application was increased. Likewise, considerable amounts of the
added water-solubje phosphorus were retained in the fly ash-
amended soil, and the quantity of phosphorus retained was related to
the rate of fly ash application. This would indicate that additions of
fly ash could have an adverse effect on the phosphorus nutrition of
plants.

The Mojave fly ash contained high concentrations of soluble salts
and sodium. However, when this fly ash was mixed with the Reyes
acid soil at rates up to 10%, the concentrations of sodium, the EC's,
the sodium adsorption ratios (SAR), and exchangeable sodium
percentages (ESP) were not increased to levels indicative of salinity
hazards (Table 3). The data indicate that, even at the 10% fly ash
application rate, it is unlikely that salinity and sodium hazards would
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Fig. 2 Effect of application of CaCO3 or fly ash on Bray No. 1,
extraetable phosphorus.

TABLE 3

EFFECT OF FLY ASH OR CaCO3
ON SALINITY STATUS OF THE REYES SOIL*

Liming
material Rate,

Na EC,t
meqfliter mmhos/cm SAR$ ESP§

Fly ash

CaCO3

Fly ash
extract

1.0
5.0

10.0

0.2
1.0
2.0

2.28 be
2.94 b
3.72 a

1.32 d
1.84 cd
1.47 d

16.75

1.83
2.7
3.2

0.91
2.2
2.2

7.5

c
b
a

d
be
be

1.18 a
0.86 b
0.78 b

0.68 be
0.49 c
0.43 c

4.91

< l a
<1 a
< l a

<1 a
< l a
<1 a

5.8

*Averages of 4-month data from saturation extracts. Excluding
fly ash extract, means within a column followed by different letters
differ at the 5% level (Duncan's multiple range test).

tElectrical conductivity of the saturation extract.
iSodium-adsorpuon ratio.
§ Exchangeable-sodium percentage.
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occur in acid soils amended with fly ash (U. S. Salinity Laboratory
Staff, 1954).

Treating the soil with fly ash resulted in a dramatic increase in
water-soluble strontium and boron as compared with liming with
CaCO3 (Fig. 3). Since strontium is not a plant nutrient and since no
accumulations of large amounts of strontium have been reported in
soils or plants, no attempt is made to speculate on the effect of the
strontium in fly ash on plant growth. In the case of water-soluble
boron, the concentrations at the 5 and 10% fly ash treatments can be
injurious to boron-sensitive plants (U. S. Salinity Laboratory Staff,
1954). However, the boron in fly ash should be considered ad-
vantageous when it is used as a liming material on acid soils
(especially valuable on organic soils that are boron deficient). Plank
and Martens (1974) reported increased alfalfa yields on two soils
amended with fly ash due to an alleviation of boron deficiency.

On the basis of its neutralizing capacity, large tonnages of fly ash
are required when used in a liming practice. Since the contents of most
trace elements in fly ash are higher than those in agricultural
limestones (Table 4), the soil to which fly ash is applied ean be
enriched with trace elements in the long run. An application of

0.4 1.0 0.2 CaCO3

2.0 5.0 10 Fly ash
AMOUNT OF CaCO3 OR FLY ASH ADDED, %

Fig. 3 Water-soluble boron and strontium in the Reyes soil treated
with CaCO., or fly ash.
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115 tonnes of fly ash/ha would increase the concentrations of many
trace elements in the soil (Table 4). These amounts of trace elements,

TABLE 4

TRACE ELEMENT CONTENTS OF FLY ASH AND
AGRICULTURAL LIMESTONES

Element

Ba
Sr

Mn
F
Zn
B
Cu
Mo
Se
Pb
Co
Cd
Ni
As
V

Content

%

2.0
1.2

ppm

100
70.2

130
750

60
120
12.8

300
25

1.36
136

8.9
90

Fly ash

Input,1}" kg/ha

2300
1400

11.50
8.07

14.95
86.25
6.90

13.80
1.47

34.50
2.87
0.15

15.64
1.02

10.75

Agricultural
limestone,* ppm

Average

330
230

31
4
2.7
1.1

< 1

11

Range

20 - 3000
<10 —1410

<1 - 4 2 5
<1-21

< 0.3 —8.9
<0.3-92

3 — 65
<1 - 6

< l - 1 0 6

•Results from analysis of 119 agricultural limestones
(Chichilo and Whittaker, 1961). The lead value is taken from
Warren and Delavault (1961).

tBased on the application rate of 115 tonnes of fly ash/ha.

particularly those of B, Mo, Pb, Ni, and V, can accumulate in the soil
after repeated applications of large tonnages of fly ash over a period
of years. Their bioavailability and solubility, however, will depend on
a number of soil chemical and biological mechanisms. Results from
greenhouse studies using the same fly ash indicated that Sr, B, Se,
and Mo showed elevated concentrations in plants grown on two soils
amended up to 8% with fly ash (Elseewi, Bingham, and Page, this
volume). To date, there have been no reported data on the
enrichment of other trace elements in plants that are grown on fly
ash-amended soils.
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CONCLUSIONS H

Fly ash from the Mojave Generating Station can reduce soil {
acidity and increase calcium levels in the soil. In addition, as a result '•• j
of increased pH, fly ash applications markedly decreased the i <
concentrations of exchangeable aluminum and manganese and . \
increased the levels of DTPA-extractable copper, zinc, and man- ; j
ganese in the Reyes soil. The data presented suggest that application ; 'J

of fly ash at the 5 and 10% rates would not cause salt injury but :
could impair plant growth by inducing phosphorus deficiency or '•?
causing boron toxicity. ;• i
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ABSTRACT

The inorganic and organic phosphorus in soil solution, labile, exchangeable, and
total fractions of six typical tundra =oil profiles were determined over the 1973
growing season. The average concentration of phosphorus in solution in the
surface horizon was 15 /ug/liter, which is extremely low. On the average there
was 23 times as much organic phosphorus in solution, which is very high. Labile
phosphorus, which represents the capacity factor continuously replenishing the
inorganic phosphorus in solution, was 30 times as much as the inorganic
phosphorus in solution. The labile phosphorus, in turn, is mainly replenished by
the phosphorus frcm the exchangeable fraction, which is 91 times as much as
the labile phosphorus. The exchangeable and, to a smaller extent, the labile
phosphorus showed the highest values on June 18, the first sampling date, and
decreased continuously over the growing season until the last sampling date,
September 26. All organic surface horizons have considerable amounts of
phosphorus tied up in organic phosphorus forms that are unavailable to plants.
Much of the inorganic phosphorus is in less readily available iron phosphates.

Plant production on the arctic tundra is limited by low temperature,
low light intensity (Miller and Tieszen, 1972), and low nutrient
status. Of the main nutrient elements, phosphorus is most restricted
in its plant availability at low temperatures (Zhurbitzky and
Shtrausberg, 1958; Sutton, 1969), but Chapin (1974b) reported that
cold acclimatization of tundra plants happens, for example, through
higher phosphorus absorption capacity and more efficient phospho-
rus recycling inside the plant. Warren-Wilson (1957), Bliss (1966),

516
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Schultz (1964), Haag (1974), and Saeb0 (1968) found nitrogen to be
the most deficient element under conditions of plant production
similar to the Barrow tundra, whereas Tamm (1954) found that
phosphorus was the most limiting factor. Phosphorus was considered
to be a limiting growth factor on the Barrow tundra by Schultz
(1964; 1969), Bunnel (1973), Chapin (1974b), and Gersper et al.
(1974a; 1974b).

In laboratory studies Chapin (1974a; 1974b) observed that
tundra plants have a high capacity for phosphorus absorption and a
low capacity to acclimate to long-term temperature changes. He also
found that tundra plants are less sensitive to short-term temperature
fluctuations than are temperate plants. Chapin and Bloom (1976)
noted that rates of phosphorus absorption by tundra plants under
field conditions were not strongly influenced by either daily or
seasonal temperature fluctuations; this suggests that tundra plants
absorb phosphorus from cold soil and do not depend on short-term
increases in soil temperature for adequate phosphorus absorption.

The highest phosphorus absorption rate by tundra plants in the
field was measured early in the season (Chapin and Bloom, 1976)
when root growth began, and then the rate decreased to a level that
was maintained well into September, long after aboveground plant
parts had senesced. Autoradiographs indicated that radiophosphorus
absorbed on September 21 was translocated in substantial amounts
to the stem base and the rhizomes connecting other tillers. This
absorbed phosphorus was presumably available to support rapid
growth the following season. Hence the seasonal pattern of phospho-
rus absorption by tundra plants is significantly different from that by
plants grown in warmer climates.

The behavior of phosphorus in the soil can be summarized by the
reaction

solution P ^ labile P ^ nonlabile P (1)

where solution P is an intensity factor forming the immediate source
of phosphorus for plants, labile P is a capacity factor defined as the
fraction of soil phosphorus which can enter the soil solution by
isotopic exchange within an appropriate t ine span, and nonlabile P is
the mineral and organic bound phosphorus and can be called a
storage factor.

The immediate source of phosphorus for metabolism is the small
amount in the soil solution. If this is removed from the solution, the
equilibrium is disturbed, and the solution will quickly be replenished
from the solid-phase labile phosphorus. Not all the labile phosphorus
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is bound with the same force at the exchange sites, and the weakest
bound fractions, the easy labile phosphorus, will go into solution
first and fastest. Eventually the system will readjust at a slightly
lower equilibrium level. Nonlabile phosphorus is not likely to
contribute much to the supply over a period as short as one growing
season since its rate of release is too slow. The new level that is
eventually reached depends on the kinetics of the equilibrium
reactions and the quantity of labile phosphorus. Another factor in
replenishing both the labile phosphorus and that in soil solution is
the mineralization of organic phosphorus through microbial activity.

The intensity factor is of direct importance because it is a
measure of phosphorus immediately available for plant uptake. It is
of limited value however, because, for example, Carex aquatilis
needs 20 (jg P day"1 tiller"1 (Tieszen, 1976) for adequate growth; this
is equal to the amount of inorganic phosphorus in solution in 1 to
2 dm3 of tundra soil. Since the reactions of the first equilibrium in
Eq. 1 are rapid, the labile phosphorus pool replenishes the phospho-
rus in solution continuously. Gunary and Sutton (1967) were able to
account for 80 to 85% of the variation in phosphorus uptake from a
range of agricultural soils by considering intensity and capacity
factors together. Including diffusion and kinetics factors did not
much improve this high degree of correlation.

The objectives of our study were to determine the phosphorus
contents and their seasonal variation in the main soil types in the
intensive study site of the U. S. International Biological Program
(IBP), Tundra Biome, near Barrow, Alaska. Attention was focused on
the concentration of phosphorus in soil solution, and on labile and
exchangeable inorganic phosphorus, and their variation with depth in
the soil profile and over the growing season. Since the nonlabile
phosphorus pool does not change much over one growing season,
only a one-time determination of nonlabile phosphorus was made.

MATERIALS AND METHODS

The study was conducted at the intensive site of the IBP Tundra
Biome, Barrow, Alaska (latitude 71° 18' N). The climate, site
characteristics, and vegetation of this arctic coastal tundra site have
been described previously by Britton (1957), Clebsch and Shanks
(1968), Dennis and Johnson (1970), Brown and West (1970), Brown,
Coulombe, and Pitelka (1970), Murray and Murray (1973), and
Webber and Ebert (1973). The geology, soil genesis, and soil
classification of the North Slope, and in particular the Barrow area,
were studied by Brown (1969), Tedrow and Cantlon (1958), Tedrow
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et al. (1958), Douglas and Tedrow (1962), and Drew (1957). Specific
soil-profile descriptions and chemical analyses of the Barrow inten-
sive study sites are given by Gersper (1972), Gersper et al. (1974a;
1974b), Everett (1973; 1974), and Barel and Barsdate (1974).

Briefly, the Barrow area is characterized by an average air
temperature of 4°C during the growing season, which lasts from
mid-June to late August. The annual precipitation is 116 mm, with a
thaw-season precipitation of 57 mm (averages based on 45-year
records). The area receives continuous direct solar radiation from the
beginning of June until mid-August. The vegetation is predominantly
wet tundra with an abundance of sedges, grasses, herbs, a few dwarf
shrub species, mosses, and lichens.

Most soils have a peaty organic mat (4 to 15 cm) over a
grayish-brown to bluish-gray, wet, mineral soil. A semicontinuous
buried organic layer is present just above and penetrating into the
perennially frozen ground. The depth of thaw generally does not
exceed 35 cm. Reflecting the conditions of wetness, soils have a high
percentage of organic matter, high moisture content, acid to strongly
acid reactions, low base saturation, and moderately high carbon-
to-nitrogen ratios of the organic matter.

We sampled two morphologically distinct areas, site 2, which is a
uniform meadow of low, almost indiscernible polygon development,
and site 4, which has two main types of polygons, low and high
centered. The ice-wedge polygonization of site 4 provides relief of up
to 50 cm between the ridges and the troughs, which have water
standing in them nearly year-round, except for 4 to 6 weeks in July
and August. The soils in site 2 frequently have 1 to 5 cm of standing
water for several days during the summer months.

An areal representation of the Barrow intensive study site was
obtained by establishing five different sampling locations at site 4.
These were the trough, ridge, and low center of low-center polygons
and two different types of high centers of the high-center polygons, a
grass and a moss vegetation. One sampling location, a typical wet
meadow tundra, was at site 2. Sampling with depth was conducted
on the basis of clearly distinguishable soil horizons. A 10-day interval
for sampling was established beginning June 18, 1973. The last
sampling was taken just before the soil froze, when the soil
temperature had already been 0°C for 2 weeks and the ground was
covered with 20 cm of snow. Soil samples were composited by taking
equal parts of similar horizons of 8 to 12 cores; samples were stored
at 2°C.

Percent soil bulk density and gravimetric moisture were deter-
mined on different but adjacent soil cores obtained at the same time
as the soil samples used for chemical analysis.
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Soil solutions were obtained by pressing the soil in a squeezing \. J
manifold. The samples were processed immediately after being taken I
from the field to avoid oxidation, mineralization, and other chemical
changes that might alter certain phosphorus compounds in the soil.
The squeezing apparatus consists of a metal cylinder with removable f
bottom and top covers. A glass-fiber filter with an effective pore size ';
of 0.5 to 0.7 n was inserted in the bottom lid and was supported by a
fine mesh screen, which lay over the outlet. After the metal cylinder
was filled with soil, it was covered with a flexible rubber membrane
clamped between the rim of the cylinder and the top lid. The whole
sample holder was clamped in the manifold, which held four samples.
Gas pressure was then applied over the rubber membrane through an
inlet in the top cover. A low pressure was applied at first and, slowly,
over a period of 1 hr, it was increased to 9.5 atm. The soil solution
obtained was usually clear after the firsf 5 to 15 ml was discarded. \
Because of the yellow color of maiiy oi the solutions, a sample blank \
correction was made. Phosphorus was determined from duplicate i
subsamples by the single-solution phosphomolybdate technique ;
(Watanabe and Olsen, 1965) with a spectrophotometer. Total '•
phosphorus in the soil solutions was determined by digestion with \
HC1O4 according to Mehta et al. (1954), and the organic phosphorus j
in solution was obtained by subtracting the inorganic from the total |
phosphorus. 1

Drying these highly organic soils causes major changes in the -j
oxidation—reduction status which may release phosphorus from the i
nonlabile pool or cause absorption of soluble phosphorus. It was, j
therefore, decided to determine the labile phosphorus from field j
moist samples. A representative sample of naturally moist soil with a .•!
dry weight of about 30 g was brought to a volume of 250 ml with |1
crushed ice and cooled distilled water by mixing in a blender for
1 min at high speed. A home-built subsampler (Barel, 1977) was used
to divide the finely ground and suspended samples into six
subsamples for determining labile and exchangeable phosphorus, pH,
and dry soil "/eight Three subsamples used for the phosphorus
analyses were weighed; two drops of chloroform were added; and the
samples were shaken in a constant-temperature water bath at 25°C
for 30 min. The shaking was rigorous enough to keep the soil in
suspension. Five (iC 3 2 P in a 0.5-ml volume solution were added, and
the samples were shaken again for 30 min. Subsequently, heat-sealed j
op.' .mesh nylon bags containing 1.00g of anion exchange resin
were added to the suspensions, and shaking was continued for 24 hr.
The resin was washed before use according to a method described by
Krutkun (1973).
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The nylon bags were rinsed with distilled water to remove
adhering soil particles, and the resin was transferred to 60-ml
polypropylene bottles. Thirty ml of a 14% Na2SO4 solution (low
phosphorus analysis) were added, and the bottles were heated for
1 hr in a water bath at 95°C to extract the phosphorus from the
resin. Then the resin was transferred to a funnel fitted with a
Whatman No. 40 filter paper (W & R Balston, Ltd.), and the solution
was received in a 60-ml plastic bottle. The bottle, resin, and filter
paper were rinsed with small additions of the Na2 SO4 solution until
the bottle was full. The phosphorus {pg P/g dry soil) was determined
colorimetrically according to Watanabe and Olsen (1965) as a
measure of labile phosphorus.

The percent 3 2 P recovery was measured by pipetting 10-ml
aliquots into disposable vials and counting the activity by Cerenkov
radiation with a liquid scintillation counter (Lauchli, 1968). Relative
efficiency corrections were made by the internal standard method.

The exchangeable phosphorus was defined as equal to

Fractionation of inorganic phosphorus and total phosphorus
determination were performed on soil samples taken on August 18,
with the extraction scheme of Chang and Jackson (1957), as
modified by Williams et al. (1971) and with some changes described
by Barel and Barsdate (1974).

The other three subsamples were used for pH and dry-weight
determinations. The bulk density and moisture content were
determined on four replicates of undisturbed samples (Gardner,
1965).

RESULTS

i
Precision of Analyses

The various phosphorus parameters and the pH of four individual
soil cores of the wet meadow tundra location were measured to
estimate the number of cores needed to obtain a certain precision in
a composite sample (Barel and Barsdate, 1974). It was found that the
pe oent coefficient of variation of inorganic phosphorus in soil
solution and of labile phosphorus could he kept below 10 to 15%
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and that of exchangeable phosphorus below 20% by taking 8 to 12
cores in a composite sample and by making duplicate analyses of
inorganic and total phosphorus in soil solution and triplicate analyses
of labile and exchangeable phosphorus (Peterson and Calvin, 1965).
The pH determination had a coefficient of variation less than 2%.
Bulk density and percent soil moisture had average coefficients of
variation of 7 and 8%, respectively.

Soil Profiles

Figure 1 is a schematic diagram of six characteristic soil profiles
of IBP sites 2 and 4 near Barrow. All soil profiles, except two, have at
least three clearly distinguishable soil horizons, the surface organic or
peat layer, the underlying mineral horizon, and the buried peat
horizon. The high-center polygon under grass does not exhibit a
surface organic horizon. Profile descriptions were made by Everett
(1974) during the third week in August, when the depth of thaw was
at its maximum.

Physical and chemical characteristics of samples taken at 10-day
intervals from June 18 to August 18 and a final sample taken on
September 26 are listed by Barel and Barsdate (1974).

Bulk Density, Percent Mristure, and Depth of Thaw

The average bulk density and percent soil moisture over the
whole 1973 sampling season are given in Table 1. The organic surface
horizons of the trough and wet meadow have significantly lower bulk
densities and higher water contents than do the ridge, low center,
and high center under moss. The mineral and buried peat layer of the
trough and wet meadow have the highest bulk densities of all six
profiles. There is an inverse correlation between bulk density and soil
moisture (see Table 5). Our data show no evidence of pronounced
seasonal changes in bulk density and soil moisture of the surface
horizons except for a gradual increase in the bulk density of the low
center with time. Since the summer of 1973 was wet, moisture was
never a limiting growth factor.

Depth of thaw was measured at each sampling date. The average
depth of thaw of the six sample sites was 5 cm on the first sampling
date, June 18, 11 cm on June 28, 15 cm on July 8, 20 cm on
July 18, 22 cm on July 28, and 23 cm on August 7; the average
maximum depth of thaw, 24 cm, was reached on August 18. On the
last sampling date, September 26, the depth of thaw was still 24 cm.
The low-center soil never thawed deeper than 19 cm, but, in the
high-center soil under grass, the maximum depth of thaw was 26 cm.
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TABLE 1

MEANS OF PHYSICAL CHARACTERISTICS AND PHOSPHORUS PARAMETERS FOR EIGHT
SAMPLES TAKEN AT 10-DAY INTERVALS DURING THE 1973 THAW SEASON

FOR SIX WET TUNDRA SOIL PROFILES*

Sample site

Low center

Ridge

Trough

High en te r ,
grass

High center,
moss

Wet meadow

Depth,
cm

0 - 8
8—19
1-4
4—11

11—25
1-10

10-18
18—26

1—15
15—26

1-5
5-11

1 1 - 2 4
1—4
4 - 8
8-16

16-24

Texture

Organic
Organic loam
Organic
Silt loam
Peat
Organic
Silt loam
Peat
Silt loam
Peat
Organic
Silt loam
Peat
Organic
Organic
Silt loam
Peat

Bulk
density.
gem"3

0.21
0.47
0.21
0.72
0.44
0.12
1.01
0.59
0.73
0.41
0.21
0.69
0.39
0.13
0.18
0.94
0.55

Soil
moisture.

%

392
153
338

86
162
722

56
118

88
162
350

90
186
618
467

66
121

Soil
pH

5.4
5.6
4.8
5.1
4.9
5.4
5.6
5.6
6.5
5.9
5.1
5.4
5.4
5.6
5.3
6.0
5.6

P in soil solution,

Mg/liter
Inorganic

7.2
6.2

16.3
4.3
S.4

35.lt
4.3
9.4
S.2

10.1
8.0
4.0
9.1

13.1
7.1
3.6
6.0

Organic

132
81

395
84

350
448

74
77
66

351
325

47
300
202
179
105
145

Organic
Inorganic

22
28
30
26
56
17
18
11
12
38
39
14
56
15
25
34
25

Labile P.
lug/g soil

1.56
0.17
1.79
0.24
0.37
5.23t
0.10
0.12
0.35
0.33
0.68
0.18
0.31
1.87
1.06
0.04
0.13

Exchange-
able P,

ue,lg soil

91
12

127
16
15

244
10
21
20
22
87
14
20

237
124

6
17

w
>
3J
171"
f-

>

a
w
>
31in
o>
rn

'"Samples were taken at the U. S. International Biological Program intensive study sites 2 and 4, near Barrow, Alaska.
tAnaiysis of the first sample was not included.
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Inorganic Phosphorus in Soil Solution

The mean values of phosphorus in solution from different
horizons of the six profiles over the whole season are listed in
Table 1. The surface horizons enerally have the highest concentra-
tions, and the buried peat layers have the second highest. The
polygon low center and the high center under moss have the lowest
concentrations of all organic horizons. The trough profile is highest
in dissolved inorganic phosphorus.

Seasonal variations of inorganic phosphorus in soil solution of
the surface horizons of the six soil profiles are given in Table 2. The
first sample from the polygon trough in June had 119 /ug P/liter. The
minimum value, reached at the end of July, was still considerably
higher than that of most other profiles. Later the solution from the
trough reached a relatively high constant level that was maintained
until freeze-up at the end of September.

TABLE 2

SEASONAL VARIATION OF INORGANIC PHOSPHORUS IN
SOIL SOLUTION (f/g/liter) WITH DEPTH FOR SIX WET
TUNDRA SOIL PROFILES NEAR BARROW, ALASKA

Sample site

Low center

Ridge

Trough

High center,
grass

High center,
moss

Wet meadow

Depth,
cm

0 - 8
8-19
1-4
4—11

11—25
1-10

10-18
18—26
1-15

15-26
1-5
5-11

11-24
1—4
4 - 8
8-16

16-24

June

18

7.7

13.2

118.9

17.5

10.1

34.41

28

4.3

4.9
9.4

14.9

2.5

7.9
3.6

'
4.1

8

13.2

10.9
6.6
4.7

49.0
2.5

14.6

13.8
2.1
4.1

11.0
9.1
4.5

Sample date*
July

18

10.5
4.9

44.2
4.6

13.2
6.2
5.0

6.6
5.7
3.6
3.2
4.4
6.6
4.7
2.7
8.0

28

4.1
2.7
9.2
2.0
3.8

34.1
6.2
5.3
8.2

12.6
6.6
6.8

13.0
17.6

7.9
1.8
6.0

August

7

6.3
1.7

17.8
2.9
5.5

37.0
4.6
6.4
5.0

10.6
7.7
4.0

22.6
9.1
5.9
2.6
7.9

18

8.4
15.3
10.4

3.5
20.6
52.3

2.6
19.0
7.9

10.3
5.4
5.6
7.7

11.0
5.4
5.0
3.6

September
26

3.0

20.2
1.1
2.9

52.0
4.9
6.7
3.2

11.2
8.9
2.3
2.5
5.0
6.6
4.5
3.9

*Blanks indicate that values were not available because of limited depth of
thaw in the spring.
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The polygon ridge warmed up faster than any other profile, and
its minimum phosphorus concentrations also occurred earlier than in
any other profile. The significant increase in phosphorus concentra-
tion in this profile, as well as in the high center under moss, in
September may be a result of faster decomposition of organic matter
at the high locations in warm weather; this releases more phosphorus
than is lost through plant absorption.

The wet meadow showed a continuous decrease of phosphorus in
solution from the first sampling until the middle of July, then a small
maximum, and a second continuous slow decrease. Apparently this
profile was too wet throughout the summer to reach its potential
maximum decomposition, except for a short period at the end of
July.

All profiles had significant contributions of dissolved phosphorus
from the mineral and/or buried peat layer after the second sampling;
this is in contradiction to the popular belief that phosphorus is
located mainly in the surface horizon. A highei root density in the
surface horizon favors the major uptake of phosphorus from that
profile, however.

At the 1% level of significance, inorganic phosphorus in solution
in the organic surface horizons is negatively correlated with the soil
hulk density (r = —0.49) and positively correlated with the moisture
content (r = 0.60). Thus the more decomposed peat, which has a
higher bulk density, has a lower concentration of dissolved inorganic
phosphorus.

Organic Phosphorus in Soil Solution

Means of organic phosphorus in soil solution over the growing
season are given in Table 1. The surface horizon of the polygon
trough has the highest concentration, followed by the organic surface
layers of the relatively high and dry profiles, the polygon ridge and
the high center under moss. The buried peat horizons that are not
deeply located also have high organic phosphorus concentrations and
contribute significantly to the total amount of organic phosphorus in
solution over the whole profile. The dissolved organic phosphorus of
the buried peat layers is significantly correlated (1% level) with labile
phosphorus (r = 0.69).

The data in Table 1 show that the means of the ratios of
dissolved organic to inorganic phosphorus vary from 11 to a high of
56. These ratios are relatively low for profiles with the largest
primary production (e.g., the trough and the wet meadow). The
mineral surface horizon of the polygon high center under grass had a
significantly lower ratio than the other mineral horizons. The buried
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peat layers of the polygon ridge and the high center under moss
showed the highest ratios of all soil horizons.

Table 3 shows the seasonal variation of the concentration ratios
of soluble organic to inorganic phosphorus in the surface horizons.
The maximums correspond well to the time of maximum plant
growth in the individual profiles, indicating maximum demand on
the inorganic phosphorus in solution.

Labile Phosphorus

Table 1 gives the mean values of labile phosphorus over eight
sampling periods. The polygon high center under grass, the only
profile with a mineral surface horizon, has the lowest concentration
of labile phosphorus over the season (0.35 jug/g soil). The polygon
trough has the highest seasonal mean value (5.23 fig/g soil). If the
bulk density is taken into account, the polygon high center under
moss has the lowest amount of labile phosphorus in its surface
horizon.

The silt loam horizons of the polygon trough and the wet
meadow have the highest bulk density, the least amount of organic
matter, and the lowest labile phosphorus concentration of all mineral
horizons. The polygon ridge and the high center under moss have
significant amounts of organic matter in the mineral horizon and are
higher in labile phosphorus but are not as high as the mineral surface
horizon of the polygon high center under grass.

TABLE 3

SEASONAL VARIATION OF RATIOS OF ORGANIC TO
INORGANIC SOLUBLE PHOSPHORUS IN SURFACE

HORIZONS OF SIX TUNDRA SOILS NEAR
BARROW, ALASKA

Sample site

Low center
Ridge
Trough
High centpr,

grass
High center,

moss
Wet meadow

Depth,
cm

0 - 8
1—4
1-10

1-15

1-5
1-8

June

18

14
27

6

3

34
12

28

14
71
13

33

58
8

8

16
43

5

5

48
22

July

18

8
19
59

14

36
14

28

73
13
20

7

18
42

August

7

29
27
16

17

39
23

18

5
26
10

6

32
21

September
26

19
12

6

14

45
17
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The buried peat horizons of the two highest profiles, the polygon
ridge and the polygon high center under moss, have the highest
quantities of labile phosphorus of all buried peat layers. These
horizons contribute the largest amount of labile phosphorus to the
whole profile.

The seasonal variation in labile phosphorus is largest (Table 4)
and, with respect to plant availability, is most important in the
surface horizons. The polygon trough, which has the highest labile
phosphorus content over the whole season, showed the greatest
decrease of all samples from the first to the second sampling; this
might be partially caused by a dilution effect since the sampling
depth of the first sample was only 4 cm. All samples have higher
values at the beginning of the season than at the end of the season,
except for the polygon ridge.

The polygon low centers were without standing water from early
July to August 10. This period coincides with a minimum in labile
phosphorus and an observed maximum plant growth. The vegetation
on this profile died at the end of August; this might be the reason for
the increase in labile phosphorus from August 7 to September 26. All
other profiles showed a decrease of labile phosphorus over the period
from mid-August to September 26; this corresponds with an observa-
tion by Chapin and Bloom (1976) that tundra plants still actively
absorb phosphorus in September.

Exchangeable Phosphorus

The mean values of exchangeable phosphorus over the whole
season in different profiles are given in Table 1. The overall average is

TABLE 4

SEASONAL VARIATION OF LABILE PHOSPHORUS (pg/g dry soil)
OF THE SURFACE HORIZONS OF SIX TUNDRA SOILS NEAR

BARROW, ALASKA

Soil
sample

Low center
Ridge
Trough
High center,

grass
High center,

moss
Wet meadow

Depth,
cm

0 - 8
1-4
1-10

1-15

1-5
1-8

June

18

4.2
0.7

55.8

0.3

0.7
3.5

28

2.7
1.1
9.8

0.3

0.5
2.7

8

0.9
0.8
8.5

0.5

0.7
1.1

July

18

0.7
3.9
8.9

0.1

0.5
2.1

28

0.8
2.5
3.9

0.7
0.9

August

7

0.6
1.7
2.1

0.4

0.6
1.0

18

1.0
2.2
2.3

0.7

1.0
0.7

September
26

1.5
1.4
1.1

0.1

0.7
0.8

A
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91 times as high as that of labile phosphorus. Thus exchangeable
phosphorus represents a much larger capacity factor than labile
phosphorus.

Exchangeable phosphorus is significantly correlated (1% level)
with labile phosphorus in the organic surface horizons (r = 0.76) and
mineral horizons (r = 0.74) but not in the buried peat horizons
(r = 0.02). The buried peat horizons of the trough and the wet
meadow have much higher ratios of exchangeable to labile phospho-
rus (average = 153) than those of the higher profiles (average = 57).
In absolute amounts, however, these horizons and the mineral layers
above them are very low in exchangeable phosphorus in comparison
with the organic surface horizons. There is a high simple correlation
coefficient (r = 0.87) between soil moisture and exchangeable phos-
phorus (Table 5).

The seasonal variation in exchangeable phosphorus in the surface
horizons is shown in Fig. 2. The variation from one sampling date to
another is less than for any other measured form of phosphorus. All
profiles show a decreasing trend over the whole season.

TABLE 5

SIMPLE CORRELATION COEFFICIENTS* FOR SEVERAL SOIL
PARAMETERS OF SIX WET TUNDRA SOILS NEAR

BARROW, ALASKA

r> « c -i o i P in soil solution , , ., „ .
Bulk Soil Soil Labile Exchange-

Parameter density moisture pH Inorganic Organic P able P

Bulk density 1.00 —0.83t 0.46t —0.38 -0.50t —0.2?t —0.66±
Soil moisture 1.00 —0.24 0.59t 0.44t 0.48f 0.87|
SoilpH 1.00 -0.05 -0.36f 0.01 -0.16
Inorganic

phosphorus
in soil
solution 1.00 0.56t 0.75f 0.60t

Organic
phosphorus
in soil
solution 1.00 0.31 O.37t

Labile
phosphorus 1.00 0.69f

Exchangeable
phosphorus 1.00

""Correlations are based on 107 to 119 degrees of freedom.
tSignificant at 1% level.
^Significant at 5% level.
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600
D, Trough
A. Ridge
• , Low center
A. High center, grass
B, High center, moss
O, Wet meadow I

JUNE JULY AUG. SEPT.

Fig. 2 Seasonal variation of the exchangeable phosphorus in the
surface horizons of six tundra soils near Barrow, Alaska.

The phospnorus content of the samples taken on September 26
indicates clearly that the enhanced phosphorus status observed right
after thaw is not carried over from the fall before.

Soil Phosphorus Fractionation

Various phosphorus fractions obtained by different extraction
procedures are given in Table 6. The surface horizons of the trough
and the wet meadow contain the highest amounts of NH4F-
extractable phosphorus (aluminum-phosphate), which is readily
available for plants. All profiles contain a considerable part of their



TABLE 6

PHOSPHORUS FRACTIONS, CORRECTED FOR RESORPTION OF PHOSPHATE
DURING NH4F AND FIRST NaOH EXTRACTION, IN SOIL

SAMPLES TAKEN AUG. 18, 1973

Sample site

Low center
Ridge
Trough
High center,

grass
High center,

moss
Wet meadow

Depth,
cm

0 - 8
1-4
1-10

1-15

1-5
1-4
4 - 8
8-16

16-24

Texture

Organic
Organic
Organic

Silt loam

Organic
Organic
Organic
Silt loam
Peat

NH4F

17.2
120.7
143.8

19.6

67.7
169.7

31.6
13.6
L9.7

Extraction procedure, ppm P

NaOH I*

39.8
34.1
29.4

16.4

36.0
59.2
41.6
10.6
22.8

Citrate

41.6
81.9

169.7

280.9

172.9
318.5
148.6
27.8
45.5

NaOH lit

4.3
1.7
2.7

14.8

3.8
8.4
5.6
8.6
5.5

HC1

6.0
6.2
5.6

210.6

5.4
10.0
17.8

105.0
80.7

Inorganic
P, ppm

109
245
351

542

286
566
245
166
174

Organic
P, ppm

503
980

1124

213

914
896
846
255
387

Total
P, ppm

612
1225
1475

755

1200
1462
1091

421
561

"D

O
cn
"D
O
3!
C
w
D
Z
>

n

-I
c
z
D
31

•Phosphorus in iron phosphate.
tPhosphorus in occluded aluminum—iron phosphate.
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inorganic phosphorus in the reductant-soluble fraction (dithionite—
citrate extraction); this is mainly iron phosphate and is less readily
available for plant uptake. Only the mineral surface horizon
contained considerable amounts of HCl-extractable phosphorus,
which is mainly calcium phosphate. Since all horizons, except the
mineral surface horizon, contain more organic than inorganic
phosphorus, a considerable storage pool of phosphorus not directly
available for plant uptake is formed.

DISCUSSION

Phosphate concentrations in the soi! solution, obtained by
pressing the soils after sampling, were very low. It is known that
filtration or storage before analysis can influence phosphorus
equilibriums in soils. Using a filtration technique, Gersper et al.
(1974a) found considerably higher phosphorus levels in Barrow
tundra soils than we report here. Malmer (1962) reported an average
of 186 pg P/liter in suction water of peat soils in south Sweden.
Saeb(6 (1968) found that the dissolved inorganic phosphorus was 180
to 260 /ig/liter in a very poor peat soil. These concentrations are at
least 10 times as high as those in our analysis.

The simple correlation coefficient of inorganic phosphorus in
solution with labile phosphorus is significantly higher (r = 0.75) than
its correlation with the exchangeable phosphorus (r = 0.60), as
demonstrated in Table 5. Presumably this is because the inorganic
phosphorus in solution is mainly replenished by phosphorus from the
labile fractions. The maximum value for the polygon ridge in July
corresponds very well with a maximum in labile phosphorus during
the same period. The significant increase in inorganic phosphorus in
solution during September for this profile and for the high center i
under moss indicates that, during the warm weaiher in September ,
1973, these profiles had a high decomposition rate. j

Ratios of dissolved organic to inorganic phosphorus in mineral
soils under temperate climates are always less than one. The high i
ratios observed here are caused partly by the organic matter content
of the tundra soils, but the slow phosphorus turnover may have some
effect also; otherwise the mineral horizon would not have such high
ratios.

The low ratios of the two profiles with the largest primary
production, the trough and the wet meadow, indicate that these
profiles may have the fastest phosphorus cycling. The maximums of
all profiles in the ratios of soluble organic to inorganic phosphorus
are followed by minimums that last from 20 to 30 days (Table 3).
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This might indicate that the organic phosphorus in soil solution is
first in line to replenish the inorganic phosphorus in soil solution
when the concentration is lowered by plant uptake.

Inorganic, labile, and exchangeable phosphorus fractions have
higher values at the beginning of the season than at the end of the
season for most profiles. Possible reasons for high values in the spring
are: (1) phosphorus release from nonavailable to available forms by
the physical action of repeated freeze—thaw cycles; and (2) slow
restoration of the equilibrium of available phosphorus toward
unavailable phosphorus.

The more pronounced decreasing trend over the season for
exchangeable phosphorus in all samples, in comparison with a
decreasing trend of labile phosphorus for only the two most
productive profiles, can be explained by assuming that the freeze—
thaw cycles in the spring have a greater effect on the wet soils and on
the exchangeable fraction of the available phosphorus than on the
labile fractions. The least effect is on phosphorus in solution. If the
equilibrium between available and nonavailable phosphorus in Eq. 1
has been moved to the left by freeze—thaw actions in the spring,
then it also would take longer for the exchangeable fractions of
available phosphorus to return to equilibrium status than for labile
fractions because the reaction rates involving labile phosphorus
fractions are faster than those of exchangeable fractions. Increased
levels of inorganic phosphorus in solution are the fastest to
equilibrate with nonavailable phosphorus. This agrees with Saebp's
(1969) findings that freezing and thawing followed by a 72-hr
equilibration period d i ' not affect the concentration of dissolved
inorganic p'.iosphorus.

The surface horizon of the polygon trough has the highest levels
of inorganic, labile, and exchangeable phosphorus of all profiles.
Nutrients other than phosphorus were also higher in the troughs than
elsewhere on the tundra (Gersper et al., 1974b), and Tieszen,
Mandsager, and Vetter (1974) measured significantly higher plant
production in the troughs. This high fertility level of the troughs is
located solely in the organic surface horizon and is absolutely not
pedogenetic in origin. The primary cause for the h'.gh fertility level
may be a result of the preference of lemmings to have their nest
openings toward the troughs, where they spend most of the long
winter under the thick snow cover. The lemmings probably cause a
horizontal nutrient transport over small distances by grazing on the
polygon ridges and centers and dropping most of their feces in the
troughs. The higher nutrient levels of the troughs produce more
nutrient-rich plant material; this certainly makes the troughs the
preferred grazing sites for lemmings. The extensive grazing and the
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lemming droppings cause faster phosphorus cycling on the troughs
than on other sites. Warren-Wilson (1957) and Russell (1940) also
reported increased plant production correlated with the presence of
animal droppings. This is probably also true for other elements,
especially nitrogen. Lemming droppings in the first soil sample from
the troughs may have caused the relatively high estimates for all the
phosphoruj parameters.

In summary, we found that the Barrow tundra has high levels of
total phosphorus, located mainly in the organic surface and the
buried peat horizons. Most of the phosphorus is in organic forms
unavailable to plants, however. Most of the small amounts of
inorganic phosphorus are tied up as iron and aluminum phosphates.
All profiles have higher concentrations of plant-available phosphorus
early in the growing season than they have just before freeze-up. The
polygon troughs have significantly higher phosphorus levels in the
organic surface horizon than any other soil profile.
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j

ABSTRACT ]

Technetium, a product of the nuclear fuel cycle, is highly soluble in water and
mobile in soils as the perteclinetate ion (TCO4). Soluble ions in soil have the
potential for competing with nutrient ions for membrane carrier sites involved in
ion uptake by plants. A study was, therefore, undertaken to determine the
availability, toxicity, and mechanism of pertechnetate uptake by soybean
(Glycine max cv. Williams). Technetium was effectively accumulated by plants
at soil concentrations of 0.01 to 0.1 /ig/gand in nutrient culture at levels as low
as 0.02 pg/ml. Plants grown on soils containing technetium at levels below 0.1
lUg/g effectively removed up to 90% of the technetium from soil. Minimal
mobilization of technetium from vegetative tissues to the seed occurred during
senescence. Chemical analyses indicated that the xylem-mobile form of
technetium was TcO4. The uptake rate of technetium by intact plants was
multiphasic over the concentration range of 0.01 to 10/UM; this suggests active
uptake and a specificity for technetium in the root absorption process. Because
of the efficiency of technetium accumulation and the probability of its chemical
toxicity, competition kinetic studies were undertaken to identify possible
nutrient analogs. Nutrients effective in reducing technetium uptake included the
Mn3*, SOI", H2PO4, and MoOl" ions.

Technetium is produced in nature by the spontaneous fission of
2 3 8 U. Other major environmental sources include nuclear power
generation and nuclear medicine. On the basis of its fission yield
(6.1%) and half-life (2.13 x 10s years), we can conclude that the
most important isotope resulting from these nuclear activities is "Tc
(0.29-Mev fi emitter).

538
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Worldwide inventories of " T c are difficult to assess with only
limited data available. An estimation of technetium concentration in
soil resulting from fallout can be obtained from (1) measured levels
of 9 0Sr and I 3 7 Cs in soil (Hardy, 1972) and (2) the relative fission
yields of 90Sr, 1 3 7Cs, and " T c from 2 3 S U and 2 3 9Pu, assuming
equivalent deposition and retention of these fission products in soils.
This calculation yields an estimated technetium soil concentration
(to a 25-cm depth) of 0.01 pg/g soil. Levels of 9 9Tc have been
measured directly in rainfall. Reported concentrations ranged from
0.08 to 1.0 pg/liter (Attrep, Enochs, and Broz, 1971). Major
increases in 9 9Tc inventories will result from nuclear power
generation, and it has been estimated that values will be 1.69 x 108 g
by the year 2000 (Burkholder et al., 1975). The increasing use of
9 9 m T c as a radiopharmaceutical results in an additional source of
9 9Tc to the environment. For example, as a result of administration
to patients of 1900 mCi of 9 9 m T c (TH = 6 hr) per week in a
Cincinnati hospital, 300 mCi 9 9 m T c are released to the Ohio River
via sewage outfall (Sodd, Velten, and Saenger, 1975). Although
simple conversion of 9 9 m Tc to 9 9Tc indicates that only ~2 jug
9 9 Tc/year resulted from this discharge and the subsequent decay of
the 9 9 m T c , considering the decay time from initial irradiation of the
molybdenum could increase this 9 9Tc value by several orders of
magnitude.

There have been numerous studies concerned with the pharma-
ceutical uses of technetium in animals, but few have dealt with its
fate, form, and bioavailability in the environment. Soil studies
indicated that, at least over short periods and under aerobic
conditions, technetium applied to soils is soluble, is highly mobile,
and is sorbed in significant quantities only in high-organic-matter
low-pH soils (Wildung et al., 1974). Under largely anaerobic
conditions, however, sorption may exceed 97% in some soils over a
2- to 5-week period (Landa, Hart, and Gast, 1975). A number of
plant species grown on soils or cultured hydroponically have been
shown to accumulate technetium effectively (Landa, Thorvig, and
Gast, 1976; Wildung, Garland, and Cataldo, 1975; 1977). At soil
concentrations below 0.1 uglg, technetium is quantitatively removed
from soil by plants, whereas at soil concentrations above 0.1 /ug/g,
uptake rates are sufficiently high to result in death of seedlings
(Wildung, Garland, and Cataldo, 1975; 1977).

The objectives of this study were to elucidate the mechanisms by
which plants accumulate technetium, to determine its fate and
distribution within plants, and to evaluate the mechanisms of its
toxicity.
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MATERIALS AND METHODS \

Soybean plants (Glycine max. cv. Williams) were maintained in • j
environmental chambers with day and night temperatures of 24 and
20°C, respectively; a 14 hr photoperiod; and 50% relative humidity. ;.
Soil studies used soybeans grown for 30 days in pots containing 400
g of Ritzville silt loam amended with " T c as pertechnetate j
( " T c O ; ) at levels ranging from 0.01 to 5 jug/g soil. The " T c was I
evenly distributed in the soil by adding the required spike to ji
sufficient water to bring the soil moisture content to 70% of field '.]
moisture capacity (22%), adding the water plus 9 9 T c over the surface j
of the spread soil, and then mixing until a consistent moisture i
content was obtained. The " T c content of plant tissues was .j
determined by liquid scintillation counting after HNO 3 digestion. '

Soybean plants cultured hydroponically were grown for 30 to 40 j
days (except as noted) in aerated Hoagland solution (Hoagland and •
Arnon, 1950) diluted 1 : 4 with water (pH 5.8). Before evaluating j
technetium uptake, we rinsed roots free of nutrient solution with j
distilled water, placed them into a solution of 0.5mM CaCl2 a t pH [i
6.2 for 2 hr to displace adsorbed ions from root surfaces, and then j
transferred them to 500 ml of fresh 0.5mM CaCl2 (pH 6.2) solution
containing 9 9 TCO4 traced with 9 5 m TCO4. The plants were permitted
to accumulate technetium for a 2-hr period. Experimental parame-
ters were determined on the basis of preliminary studies (unpub- j
lished data) indicating a pH optimum of 6.2 for uptake of TcO4 and i
linear uptake for at least 6 hr from O.OlmM TcO 4 solutions. Solution
volumes were adjusted to give negligible depletion (<10%) of
technetium from bathing solutions used in studies of uptake rate.
After the exposure period, roots were blotted dry and rinsed three
times (5 min) in 0.5mAf CaCl2 solution to remove readily leachable
or exchangeable technetium. The plants were divided into root and
shoot components, oven-dried, weighed, and analyzed for 9 5 m T c by
gamma spectrometry.

Preliminary ion competition studies were used to screen large
numbers of both nutrient and nonnutrient species that may interact
with technetium in the root uptake processes. Uptake rates for " Tc
in the absence or presence of potential competing ions were
calculated from 9 S m T c content of both shoot and root tissues. This
permits us to evaluate the effect of the presence of a competing ion
on technetium uptake. A reduction in uptake rate indicates an
interaction of the specific ion and technetium with respect to the
roo t uptake process. Potential competing ions studied i:.~!uded Mn2+,
H 2 P O 4 , MoO?", SO|" , SeC>r, BOf", NO"3, W O | , I O 4 , and l
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These were supplied at a concentration of 0.5juM in the presence of
0.2/xM 9 9 TcO4. Each treatment contained two replicates.

The chemical form if xylem-mobile technetium was determined
using 35-day-old soybean plants that were allowed to accumulate
technetium for 1 hr from a O.luM solution of TCO4. At this time the
stem was severed just above the primary leaves, and a capillary tube
was inserted over the cut end of the lower stem. Xylem exudate was
collected from 0 to 2 hr and from 2 to 24 hr. The exudates were
assayed for 9 s m T c , and an aliquot was applied to 20-by 20-cm
cellulose plates, which were subjected to thin-layer electrophoresis
(TLE). After TLE, the plates were placed on autoradiographic film
to visualize radioactive components. The TLE was performed using a
pyridine-acetic acid-H2O (29 : 1 : 540) buffer (pH 6.6) at 400 V
for 29 min.

RESULTS AND DISCUSSION

The growth characteristics of 30-day-old soybeans immediately
before harvest at several soil concentrations of technetium are shown
in Fig. 1. At the 0.01-/ig/g level, plants were similar in appearance to
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Fig. 1 Effect of soil technetium concentration (added as pertechne-
tate) on growth of soybean plants following 30 days of exposure.
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the control. At the O.l-jug/g level, plants were stunted, chloro.--
occurred at the leaf margins of the first trifoliate, and there «a.
browning of the buds and expanding second trifoliate. At the 1
jug/g level, obvious toxicity occurred; there was no visible growth
after cotyledon expansion. At the 5-,ug/g level, growth ceased 3 days
after emergence. Plants grown at sublethal levels (0.01 and 0.1 uH
Tc/g soil) removed 83 to 90% of the total technetium amended to
the soils. This suggests that the plant possesses an effective
mechanism for accumulating technetium. The toxicity symptoms
observed at the 0.1-^g/g amendment level might have been more
severe if depletion of soil technetium had not occurred, thus limiting
tissue concentrations of 9 9 Tc. The marked toxicity at higher soil
technetium concentrations may, therefore, have resulted from an
increased rate of accumulation relative to the rate of shoot
dry-matter production, which thereby increased tissue concentrations
of " T c to toxic levels.

The observed toxicity of technetium to plants may have been
caused by either chemical or radiation effects. The radiation dose for
plants grown at 5 pg/g was ~20 rads, based on 9 9Tc accumulation of
350 pg/g dry weight of tissue, an exposure of 8 days, and the
assumption that technetium was evenly distributed in the tissue. This
radiation dose is well below that normally required to elicit
phenotypic responses (Tavcar,' 1966). Although total exclusion of ]
radiation effects is difficult to achieve without detailed cellular I
localization and dose assessment, it appears that the phenotypic •
responses were chemical in nature, possibly with technetium behaving j
like a nonfunctional nutrient analog. '

The high affinity of plants for technetium and its potential j
toxicity necessitated further study of the mechanisms by which j
plants accumulate technetium and its fate and behavior in the plant. j
Although plants efficiently accumulate technetium from soils at 0.01
//g/g, a question arises as to whether plants have active transport
mechanisms for accumulating it at lower levels. Soil levels of -!
technetium resulting from fallout were calculated to be approxi- :•.•
mately 0.1 pg/g. To determine whether TcCXj was available for plant :\
uptake at these levels, we permitted soybean plants to accumulate j
technetium at concentrations of 0.22nM (0.02 pg/ml) for 2 hr (Table j
1). Of the 10.5 pg supplied, 6% (0.65 pg) was accumulated by the -\
plant in 2 hr. The distribution of technetium between the shoot and
root tissues was 2 and 4%, respectively. Thus the plant appears to
have a highly efficient mechanism for accumulating technetium,
perhaps using mechanisms normally employed for a nutrilite similar
in size and charge.
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TABLE 1

UPTAKE OF TECHNETIUM* FROM NUTRIENT
SOLUTION BY 33-DAY-OLD SOYBEAN PLANTS

Te supplied
Tc accumulated

Plant total
Root
Shoot

10.5 pg

0.65 pg
0.41 pg
0.24 pg

*Pertechnetale concentration, 0.22pAf; exposure time,
2hr.

The mobility and physical distribution of technetium within the
plant was evaluated after 69-day-old soybean plants were exposed for
24 hr to O.ltxM Tc. At 69 days of growth, these plants contained pod
and seed tissues, which are normally metabolic sinks for many
metabolites and essential trace elements. One set of plants was
harvested and analyzed immediately after exposure. A second set was
transferred to a nutrient solution without added technetium and
permitted to continue growth for an additional 21 days. Desorption
of technetium from the root was not observed when exposed plants
were transferred to the nutrient solution. Immediately after the
exposure period, 85% of the accumulated technetium was localized
in root and leaf tissue, with only 3.7 and 0.03% being transported to
pod and seed tissues, respectively (Table 2). On the basis of the 24-hr
distribution, it is apparent that technetium is highly xylem mobile.
At 90 days of age, or 21 days after exposure, root and stem tissues
showed a reduction in technetium content, but leaf, pod, and seed
tissues exhibited increases. The increases were caused by technetium
movement to these tissues from root and stem tissue after the initial
exposure period. Since the 90-day-old plants were near physiological
maturity, with seed filling near completion, significant phloem
mobilization of technetium from vegetative tissues apparently did
not occur. This was evident from the apparent lack of technetium
mobilization from leaves on seed maturation and the minima]
increases in technetium content of pod and seed tissues between 69
and 90 days.

Knowledge of the mobility patterns of ions in plants, namely
xylem or phloem mobility, is important in anticipating the fate and
distribution of specific ions during vegetative growth, as well as at
maturity. Although technetium does not appear to be phloem
mobile, its xylem mobility suggests that long-term low-level accumu-
lation could result in significant deposition in seed tissues. This
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TABLE 2

DISTRIBUTION OF TECHNETIUM IN SOYBEAN PLANTS
AFTER UPTAKE FROM NUTRIENT SOLUTION

CONTAINING PERTECHNETATE* AND SUBSEQUENT
REDISTRIBUTION AFTER GROWTH FOR 21 DAYS IN

THE ABSENCE OF TECHNETIUMf

Tissue

Root
Stem
Leaves
Seed pods
Seeds

Distribution
(plant age,
e

43.1 :
11.6 -
41.5 :

3.7 ^
0.03 i

7c

t 6.1
i 0.6
t 6.7
t 0.01
t 0.01

after 24 hr
69 days)

g dry weight

4.1 ± 1.2
5.6 ± 1.2
6.2 ± 1.5
1.9 ± 0.3

0.75 ± 0.05

Redistribution after
21 days (plant age, 90 days)

%

11.6 ±0.1
2.9 ± 0.2

77.4 ± 1.2
7.6 ± 1.1
0.5 ± 0.1

g dry weight ,..

7.6 ±0.6
6.9 ±0.6

10.0 ±0.4
6.3 ±0.3
9.3 ± 1.7

*Pertechnetate concentration, 0.1/JJV/. :j
tAverage ± standard error (n = 2). For roots, stem, and leaves, percent ",j

distribution values for the two sampling periods were statistically different
(P < 0.10), but values for pods and seeds were not significantly different <

j
becomes important when we consider food-chain transfer and
ingestion hazards to man.

The mobility of technetium in plants can be expected to be
highly dependent on its form. Its high xylem mobility suggested that
technetium was present in a stable, soluble form, perhaps as TcO4.
Investigations were, therefore, undertaken to characterize the form
of technetium in plant xylem exudates. Plant xylem exudates were
collected and assayed for technetium content, and the chemical form
of technetiuin was characterized by electrophoresis (Fig. 2). Controls
included TcOl spikes added to (1) the xylem exudate of plants
grown in the absence of technetium, (2) the original nutrient
solution, (3) water, and (4) an aliquot of the original root bathing
solution (0.5mA/ CaCl2) containing O.ljuM technetium as TCO4.
Migration of technetium in rsll controls was toward the cathode; this
indicates an anionic species. That the electrophoretic mobility (Re) of
technetium was similar for all solutions indicates that the form of the
original TCO4 spike remained unchanged. The Re for two exudate
fractions was similar to that for the controls; this indicates that the
xylem mobile form was TcO4. Further studies are under way to
ensure that technetium was not present in a reduced form that was
rapidly oxidized to TcC4 during electrophoresis. In comparison with
the original feeding solution, the concentration of technetium in the
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5A CONTROL XYLEM EXUDATE + TcO"
SPIKE 147 pg)

5A ORIGINAL NUTRIENT SOLUTION t TcO"
SPIKE (47 pg]

5A TcO~ WATER DILUTION (47 pg)

10* XYLEM EXUDATE, 2 to 24 hr (17 pgl

10A XYLEM EXUDATE, 0 to 2 hr (4.3 pgl

10A ORIG'NAL NUTRIFNT SOI IITION (1 Onol

ORIGINAL
SPOTTING

Fig. 2 Thin-layer electiophoretic behavior of technetium in plant
xylem exudate.

xylem exudate increased by a factor of 4 and of 17 for the two
samplings; i.e., concentration of technetium occurred against a
solution concentration gradient; this indicates an active process.

The high technetium affinity of the plant, its toxicity to the
plant, and its xylem mobility suggested that technetium may, in fact,
behave like a nutrient analog, possibly an analog acting like an anion
in the plant. Before conducting preliminary competition studies, we
determined uptake behavior with respect to substrate concentration
over the concentration range of 0.01 to 10/xM TCO4.

The rate of technetium uptake by the intact plant was
concentration dependent and exhibited multiple isotherms (Fig. 3).
Multiphasic uptake behavior at low ion concentration is character-
istic of a membrane, carrier-mediated process and indicates a degree
of specificity for technetium. Multiphasic uptake responses over a
range of substrate concentrations are typical of those for many
cationic (Nissen, 1973b) and anionio (Nissen, 1973a; Vange, Hol-
mern, and Nissen, 1974) nutrient species.
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0 0.01 0.1 Q.I l.D >0

(jg Tc/g SOIL ','!

, ' j
Fig. 3 Concentration-dependent uptake of technetium (supplied as •
pertechnetate) by 30-day-old soybean plants grown hydroponically. •:
Uptake rate was determined over a 2-hr uptake period and was based j
on root dry weight. !

J
To determine whether technetium as TcC>4 is functioning as a of

nutrient analog, we selected several nutrient and nonnutrient ions for !
preliminary competition studies. The concentrations of TCO4 and "j
potential competitor ions were chosen from the concentration- •;,!
dependent uptake curves (Fig. 3) and represented a working j
concentration range for a single isotherm (0.2 to 0.7juM). These
preliminary competition studies were used to screen a large number
of potential analogs to determine the ions that have an effect on )
technetium accumulation. Studies of this nature do not yield i
definitive information as to the mechanism of the interaction j
between two ions. In the initial studies a reduction in the uptake rate •]
for technetium in the presence of another ion simply indicates that |
there was an interaction between the two ions with respect to root I
absorption processes. An interaction, as exemplified by a reduction : j
in the uptake rate for technetium, can result from (1) interference |
with cellular metabolism (toxicity), (2) alteration of the membrane
carrier complex or protein, or (3) competition with an analog for the ;J
same carrier site. Although the possible interactions are varied and
sometimes complex, they can generally be defined by detailed
kinetic analysis of their behavior with respect to substrate and
competitor concentration (Segel, 1975).

During the course of these studies, a number of nutrient and
nonnutrient anions were screened to determine their effect on
technetium uptake. In addition, several micronutrient cations, such
as Mn2+, were also investigated. These ions (Table 3) were selected on
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TABLE 3

EFFECT OF SEVERAL NUTRIENT AND NONNUTRIENT
IONS ON TECHNETIUM UPTAKE BY HYDROPONICALLY

GROWN SOYBEANS

0.2fiM TcO4

0.2iiM TcO4

0.2juM TcO4

0.2/jtM TcO4

0.2/iMTcO4

0.2nM TcO4

0.2/JLM T C O 4

0 . 2 M M T C O 4

0.2AIMTCO4

0.2/JtM TcO4

0.2#xA/TcO4

[on

(control)
+ 0.5nMSOl~
± 0.5juM SeO4"
+ 0.5fiM H2PO4

+ 0.5M#Mn2+

+ 0.5ptAf Mo04"
+ 0.5/iM BO3
+ 0.5jixA/ NO3

+ 0.5/^tf WO|"
+ O.dfiM IO3

+ 0.5MM VOf

Number of
observations

4
4
O

4
2
4
2
2
2
2
2

Technetium uptake,*
% of control

100 ± 1
38 ± 10
45 ± 10
63 + 24
77 ± 6
82 ± 10

106 + 5
103 ±4

99 + 7

111 ± 12
99 ± 8

*Based on a control uptake rate of 149.6 nmoles and t°chnetium
per gram of root dry weight per 2-hr period. Values are average ±
standard error.

the basis of their similarity to the solution chemistry of technetium
and/or their requirement in plant nutrition. Assuming classical
competition kinetics, an uptake rate equivalent to that of the control
indicates the presence of a noncompetitor, and a reduction in uptake
rate suggests the presence of a competitor that interacts, either
directly or indirectly, with technetium at some point in the uptake
process. The data were subjected to an analysis of variance using
Duncan's multiple range test because we found a significant t value
(P < 0.001). On the basis of the analysis, SO4", SeO^", and H2POa"
significantly inhibited TcO4 uptake (P < 0.05). If the significance
level is relaxed to 0.20, both Mn2+ and MoO^" can be shown to
significantly affect TcO4 uptake. Therefore, if technetium behaved
like an analog of one or more of tb'ose species, many aspects of its
fate and behavior in the plant could be explained. This would not
only account for the high affinity of the plant root for uptake of
technetium but would also provide a basis for the observed
technetium toxicity. If technetium acted like a nonfunctional analog
of essential nutrilites, an impairment of critical physiological and
metabolic processes could result from its substitution in functional
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proteins or as a cofactor in enzymatic reactions, which could cause
reduction or inactivation of key biochemical processes. : >

Detailed competition kinetic studies are currently under way to
further elucidate the interaction between technetium and specific
nutrilites. On the basis of this information, subsequent investigations
will be extended to specific aspects of technetium effects on
metabolic processes. r
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TECHNETIUM-99 TOXICITY TO PLANTS
AND SORPTION BY SOILS

R. G. GAST, LISA HART THORVIG, EDWARD R. LANDA,*
and KATHLEEN J. GALLAGHER
Department ol Soil Science, University of Minnesota, St. Paul, Minnesota

ABSTRACT

The potential toxic effects of " Tc on germinating seeds and young seedlings of
wheat (Triticum aentivum L.), barley (Hordeum uulgare L.), oats (Avena
saliva L.), radishes (Raphanus salivus L.), soybeans (Glycine max L.), and corn
(Zea mays L.) were studied by germinating and growing seedlings in 50 ml of
one-third to one-half strength Hoagland solution containing increasing 99Tc
concentrations. All species showed shoot and root tissue yield reductions at low
9 9Tc concentrations, with greatest yield reductions for the three small grains
and radishes occurring below 2.5 ,uCi 99Tc/50 ml solution or 3.0 fig Tc/ml. The
greatest yield reductions for soybeans and corn occurred at higher 99Tc
concentrations in solution but at comparable concentrations in tissue. Signifi-
cant yield reductions in wheat seedlings occurred after post-germination
additions of 9 Tc. This indicates that seedlings are sensitive to 99Tc toxicity at
later stages of growth. Wheat plants grown to maturity in soils to which 99Tc
was added 7, 17, and 33 days after planting showed much greater 99Tc
concentrations in older than in newer leaves; concentrations in seeds were 40 to
80 times less than those in vegetative tissue. Results for 9 Tc sorption on four
different samples of Nicollet (Aquic Hapludoll) and Bergland (Aerie Haplaquept)
soils showed little sorpMon by the Nicollet soils. In contrast, all Bergland samples
showed significant but variable sorption rates. Although there were some
differences in the chemical and physical properties of the Bergland samples, it is
difficult to correlate these differences with differences in their 99Tc sorption
properties.

•Present address: Department of Soil Science, Oregon State University,
Corvallis, Oregon.
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The release to the environment of a number of long-lived radio-
nuclides associated with military and peaceful uses of nuclear energy
is a matter of continued public concern. As has been pointed out
(Landa, Thorvig, and Gast, 1977a; 1977b), these releases include
" T c , which has a half-life of 2.1 x 105 years and is the persistent
radioactive end-member of the high-fission-yield mass-99 decay
chain. Despite the fact that " T c is being produced from nuclear
reactors in increasing amounts (Kotegov, Pavlov, and Shevedov,
1968) and released to the environment through a number of
pathways (such as fuel-cladding defects, fallout from atmospheric
nuclear fission detonations, and diagnostic nuclear medicine activi-
ties), we know of only two available reports (Brown, 1967; Wildung
et al., 1974) dealing with the behavior of " T c in soils and plants
other than our own studies (Landa, Thorvig, and Gast, 1977a;
1977b).

In our earlier reports we showed that significant quantities of
9 9 Tc can cross the solution—root interface and be translocated into
the photosynthetic tissue of several crops and that " T c was toxic to
wheat seedlings germinated and grown in nutrient solutions or soils
containing minimal levels (Landa, Thorvig, and Gast, 1977b). From
these results, we concluded that the toxicity is associated with early
stages of growth and is probably a chemically rather than a
radiologically induced toxicity. Results of sorption studies using
well-characterized nonaerated soils showed that " T c was sorbed
within a period of 2 to 5 weeks by 8 of 11 soils used (Landa.
Thorvig, and Gast, 1977a). The slow kinetics observed, the lack of
9 9 Tc sorption by soils low in organic matter, and the high recoveries
of sorbed " T c when soils were extracted with NaOH suggested a
role foi' the living and/or nonliving organic fraction of the soil.
Sterilization of previously sorb ing soils by Tyndallization eliminated
their sorpt^on property; this indicates a microbial role in the process.

Despite these findings, many questions remain concerning the
extent and mechanisms of " T c uptake and toxicity to plants and
the mechanis ns and conditions under which 9 9 Tc is sorbed by soils.
The objective of the studies reported here was to further elucidate
the extent of and mechanisms involved in " T c toxicity to plants
and sorption by soils.

MATERIALS AND METHODS

Source and Analysis of " T c

Technetium-99 was obtained from International Chemical and
Nuclear Corporation, Irvine, Calif., in LV NH4OH as ammonium



552 GAST, THORVIG, LANDA. AND GALLAGHER

pertechnetate, NH4 TcO4. The pertechnetate ion, TCO4, has been
found to be the most stable technetium species in aqueous solution
(Rulfs, Pacer, and Hirsch, 1967). Technetium-99 activity was v
determined with a liquid scintillation spectrometer with dis- ;
eliminators and amplification preset for ' 4C counting. j

Early " T c Toxicity Effects ]

The potential toxic effects of " T c on germinating seeds and ,|
young seedlings of wheat (Triticum aestivum L. var. Era), barley j
(Hordeum vulgare L. var. Nordic), oats (Avena sativa L. var. Rod- ]
ney), radishes (Raphanus sativus L. var. Early Scarlet Globe), I
soybeans (Glycine max L, var. Corsoy), and corn (Zea mays L. var. j
Minn 8201) were studied using a growth-pouch procedure (Landa, 1
Thorvig, and Gast, 1977b). Briefly, this involved germinating and .'
growing seedlings in polyester growth pouches containing 50 ml of j
one-third strength Hoagland solution No. 2 (Hoagland and Arnon,
1950) containing an EDTA—iron source. There were ten plants each .[
in duplicate pouches for radishes and wheat, seven each for oats and J
barley, five for soybeans, and four for corn. Pouches containing the j
seeds were placed in the dark to germinate for the first 3 days and j
then transferred to a growth chamber maintained on a 23°C—16-hr f|
day and 17°C—8-hr night cycle. Evaporative losses were made up by ;
daily additions of deionized water. .'

Specific studies conducted using this procedure were:
1. Technetium-99 was added to the growth pouches at the rate of j

0, 0.025, 0.25, 1.0, 2.5, 5.0, 6.7, and 10 juCi/50 ml of Hoagland ,
solution before planting and germination of the six crop species.
Since the specific activity of 9 9 Tc is 17.2 pCi/mg Tc, these additions
correspond to 0, 0.03, 0.3, 1.2, 3.0, 5.8, 7.8, and 11.6 jug Tc/ml of
solution. On the 10th day after planting, the plants were harvested
by separating roots from shoots and removing what remained of the
sseds. The roots were blotted dry and rinsed with running deionized
water. Plants were dried, weighed, and ground, and representative
samples were digested and counted for 9 9 Tc as described by Landa,
Thorvig, and Gast (1977b).

2. Wheat seedlings were germinated and grown as described in
experiment 1, except that " T c was added to the growth pouches at
rates of 0, 0.0125, 0.025, 0.05, 0.25, and 1.0 ^Ci/50 ml of Hoagland
solution to determine more precisely the possible " T c toxicity
effects at very low concentrations.

3. Wheat seedlings were germinated and grown in growth pouches
containing 50 ml of one-half strength Hoagland solution for either 10
or 18 days under conditions similar to those described in expert-
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ment 1. Either 1.0 or 5.0 juCi 9 9Tc was added to each growth pouch
0, 2, 4, 6, or 8 days after planting to determine the effect of time of
addition on 9 9 Tc toxicity to the seedlings. Evidence for germination
was first observed on day 1 after planting.

Tissue Yield and " T c Uptake and Distribution
in Mature Wheat Plants

Five wheat seeds were germinated in each of three pots
containing 1000 g of a 2 : 1 sand—soil mixture by weight. Bergland
and Nicollet surface soils were used. Plants were thinned to three per
pot 7 days after planting, and the plants were grown either to
maturity or to a point where it was obvious that they would not
produce seed. The plants were grown in a greenhouse, and the soil in
each pot was adjusted to 0.1 bar water-holding capacity by daily
additions of one-tenth strength Hoagland solution. Either 10 or 20
/aCi " T c was adc-3d to pots containing the two soils in either three
equal increments of 3.33 or 6.7 ^Ci on days 7,17, and 33 or in one
increment on day 7 or day 33.

Plants growing in pots to which 20 [j.C\ of " Tc was added either
in three increments or in a single addition were harvested on day 69
since there was no indication of seed production. Plants receiving 10
juCi " T c were harvested on day 78. At harvesting fresh and dry
weights were taken, samples of the leaves and seeds were ground, and
representative samples were digested and counted for " T c . When
there was no seed production, the older and younger leaves were
separated to determine " Tc distribution in the top portion of the
wheat plants. Younger leaves generally included the last four or five
leaves to develop before harvest.

Soil Sorption of " T c

Four samples of Bergland (Aerie Haplaquept) and Nicollet
(Aquic Hapludoll) surface soils were collected from different sites,
characterized for pH, texture, organic carbon, and free iron oxide
(expressed as Fe2O3), and used in " T c soil-sorption experiments
similar to those reported by Landa, Thorvig, and Gast (1977a). The
pH of 1 : 2.5 soil—water (Jackson, 1967) and soil—IN KC1 slurries
was determined with a pH meter with a glass electrode. Particle size
distribution was determined by the hydrometer method (Day, 1965)
as modified by Grigal (1973); organic carbon was determined by the
Walkley—Black wet-combustion method (Allison, 1965); and free
iron oxides were determined by the sodium dithionate method (Deb,
1950) as modified by Kilmer (1960). The soil samples were
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maintained in a moist condition at room temperature between
collection and use.

The " T c sorption studies were conducted at 25°C in well-
aerated soil—water suspensions (Landa, Thorvig, and Gast, 1977a).
Briefly, this involved placing 50 g of oven-dry soil in each of three
1-liter polyethylene bottles with a sufficient quantity of 0.0024 juCi
"Tc /ml solution to give a 1 : 12.5 (wt/wt) soil—solution ratio. Air
was bubbled through each of the containers at a rate of about 1200
to 1500 ml/min by individual aquarium pumps and glass tubing
inserted through the mouth to the bottom of the bottles. Additions
of deionized water were made to the bottles every other day to make
up for evaporative losses. Sampling for " T c was conducted at
prescribed time intervals by pipetting off 5 ml of suspension,
centrifuging, filtering and assaying 1-mJ aliquots of the filtrate by
liquid scintillation. Further filtration through a 0.22-/um Millipore
filter showed no additional " T c removal; this indicates that the
described procedure was effective in removing all sorbed 9 9 Tc.

RESULTS AND DISCUSSION

Early " T c Toxicity Effects

Yield results for the six crop species germinated and grown for
10 days in solutions containing increasing amounts of " T c show
that all are sensitive to low concentrations of " T c (Figs. 1 and 2).
Corn and soybeans showed a significant yield increase (p < 0.001) on
the first " T c addition; this indicates a possible stimulation effect.
Greatest yield reduction in both shoot and root tissue of the three
small grains and radishes occurred between initial solution concentra- J
tions of 0 to 2.5 juCi " T c / 5 0 m l (0 to 3.0/ig Tc/ml) (Fig. 1). .'
Soybeans and corn behaved somewhat differently in that the greatest j
yield reductions appeared beyond initial solution concentrations of j
2 .5^Ci"Tc/50ml(Fig . 2). j

Figure 3 shows results for the experiment (P-10) in which wheat
seedlings were germinated and grown for 10 days in 50 ml of
Hoagland solution containing initial " T c concentrations of 0 to
1.0 //Ci/50 ml. There was an initial yield reduction after the addition
of 0.0125 ixd " T c / 5 0 ml (0.014 /ig Tc/ml), variable results for j
additions between 0.0125 and 0.25 juCi/ml, and a general decline in i
yield for additions beyond this point. Results for wheat seedlings j
from the experiment shown in Fig. 1 (P-8) and from an experiment j
(P-7) reported by Landa, Thorvig, and Gast (1977b) are also shown
in the figure for comparison purposes. Some question may arise as to
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2.4 4.8 7.2 9.6 12.0 0 0.12

I I I I I I I 1 I

6 8 10 0

" T c , jiCi/50 ml

0.10 0.20 0.30

Fig. 1 Tissue yield of 10-day-old wheat (a), barley (b), oat (c), and
radish (d) seedlings germinated and grown in 50 ml of one-third
strength Hoagland solution containing increasing amounts of " T c .
• — • , shoots, o — o, roots. Values are means of duplicate
samples; standard error of the mean is indicated by a vertical bar.
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500

400 -

2.4 0.30

0.30

Fig. 2 Tissue yield of 10-day-old soybean (a) and corn (b) seedlings
germinated and grown in 50 ml of one-third strength Hoagland
solution containing increasing amounts of " T c . • — •, shoots.
o — o, roots. Values are means of duplicate samples; standard error
of the mean is indicated by a vertical bar.

whether there is a threshold level between additions of 0 and 0.25
/uCi/50 ml, but the overall results suggest that 9 9 Tc is progressively
toxic with increasing concentration.

Technetium-99 concentrations in shoot and root tissue of the
plants whose yields are shown in Figs. 1 and 2 increased with
additions up to 6.7 juCi/50 ml (Tables 1 and 2). Increasing the " T c
addition to 10.0 nCi/50 ml resulted in a continued increase in tissue
concentration in some instances and either little change or a dt crease
in others. Shootrtissue concentrations in wheat, barley, oats, and
radishes at 2.5 juCi " T c / 5 0 ml ranged from 9.0 to 19.6 /uCi " T c / g
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0.4 0.6
9gTc, fiCi/50 r

Fig. 3 Tissue yield of 10-day-old wheat seedlings grown in 50 ml of
one-third strength Hiagland solution containing increasing amounts
of " T c . A — A, experiment P-10. o — o, experiment P-7. • — • ,
experiment P-8.

tissue (523 to 10,248 jug Tc/g tissue; i.e.,/ig Tc/g tissue = ;uCi " T c / g
tissue x 58.1). In comparison, concentrations in the shoot tissues of
soybeans and corn at the same level of " T c addition were 2.3 and
3.8 /LtCi " T c / g or 134 and 221 jug Tc/g, respectively. The differences
in tissue concentration may well account for the relative differences
in response of the small grains and radishes (Fig. 1) vs. soybeans and
corn (Fig. 2) to the levels of " T c in the growth media; i.e., even
though there was a greater total uptake by soybean and corn shoots
(0.83 and 0.84 juCi, respectively) than by wheat and barley shoots
(0.34 and 0.38 juCi, respectively), the tissue concentration was
significantly less in soybeans and corn because of greater total
dry-matter production. In radishes, both " T c concentration and
total growth were greater; this resulted in a greater total 9 9 Tc uptake
(1.32 /xCi). For the small grains, the root-to-shoot concentration
ratios tended to increase with increasing " T c additions. Concentra-
tion ratios for radishes and soybeans tended to remain about the
same at all 9 9 Tc levels, and those for corn were somewhat variable
(Table 2). Roots rinsed with running deionized water rather than
washed with 0.5miW CaCl2 showed no significant difference in

L\



TABLE 1

CONCENTRATION OF " T c IN SHOOT TISSUE OF 10-D AY-OLD
SEEDLINGS OF SIX CROP SPECIES*f

9 9Tc solution
concentration

AiCi/5O ml

0.025
0.25
1.0
2.5
5.0
6.7

10.0

tig Tc/ml

0.03
0.3
1.2
3.0
5.8
7.8

11.6

*A11 species were

Wheat,

0.07
0.96
4.9
9.0

13.7
25.1
21.5

germinated and
99m,. /,./-,: 99m.

Barley,
AtCi99Tc/g

0.10
1.04
5.3

11.4
17.2
14.8
10.6

grown in 50
i » » / ~ ^ . * E T Q "1 — I I

Oats,
MCi99Tc/g

0.13
1.12
5.7

10.1
11.6
13.7

Radishes,
A(Ci99Tc/g

0.12
1.3
4.6

19.6
37.7
39.6
54.0

Soybeans,
MCi99Tc/g

0.03
0.25
1.2
2.3
5.9
6.8
5.4

Corn,
pCi99Tc/g

0.05
0.66
1.7
3.8
8.2
9.4
7.2

ml of one-third strength Hoagland solution containing

T
H

O
I

M

9
rJ>

o
' j .

z
Qo
[—

r
Ci

m
33reasing amounts of Tc (/iCi Tc/gx 58.1 fig Tc/g tissue).

"("Concentrations of 9 9Tc in shoot tissue of control plants of all species were 0.



TABLE 2

CONCENTRATION OF " T c IN ROOT TISSUE AND ROOT-TO-SHOOT CONCENTRATION
RATIO (R/S) OF 10-DAY-OLD SEEDLINGS OF SIX CROP SPECIES*f

9 9 Tc solution
concentration

MCi/50 ml

C.025
0.25
1.0
2.5
5.0
6.7

10.0

jug Tc/ml

0.03
0.3
1.2
3.0
5.8
7.8

11.6

Wheat

/iCi
"Tc/g

0.02
0.18
1.3
4.6
6.5
8.0

10.7

R/S

0.21
0.19
0.27
0.52
0.47
0.32
0.50

Barley

£lCi
"Tc/g

0.01
0.13
1.5
4.0
9.5

14.6
13.1

R/S

0.10
0.12
0.29
0.35
0.55
0.99
1.23

Oats

juCi

"Tc/g

0.05
0.23
1.5

8.6
9.2

12.8

R/S

0.36
0.21
0.26

0.85
0.79
0.94

Radishes

pCi
"Tc /g

0.2
0.20
0.55
2.2
4.8
4.8

10.0

R/S

0.12
0.16
0.12
0.11
0.1.3
0.12
0.19

Soybeans

uCi
"Tc/g

0.04
0.25
1.1
2.4
4.7
5.3
7.1

R/S

1.45
0.97
0.99
1.06
0.79
0.77
1.33

Corn

uCi
"Tc /g

0.03
0.12
0.46
1.4
3.2
5.2
5.5

R/S

0.67
0.18
0.27
0.37
0.39
0.56
0.76

*A11 species were germinated and grown in 50 ml of one-third strength Hoagland solution containing increasing amounts of
9Tc (pCi " T c / g x 58.1 = pg Tc/g tissue).

•^Concentrations of ' 9Tc in root tissue of control plants of all species were 0.

cb
CO
- to
X

o

o

2
-H
in
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results (p >0.50); this indicates that " T c was not sorbed on tlv-
root surface.

On the basis of earlier yield data for wheat seedlings germinated
and grown to an age of 10 days in the presence of " T c , we had
generally concluded that the period of greatest sensitivity to " T c
was during germination and very early growth (Landa, Thorvig, and
Gast, 1977b). This conclusion was confirmed by the results obtained
when again wheat seedlings were grown for 10 days in growth
pouches to which either 1 or 5 juCi of 9 9Tc was added 0, 2, 4, 6, or 8
days after the start of germination. These results showed that yield
reduction was greater for early " T c additions at both 1- and 5-juCi
levels (Fig. 4). Plants grown to a total age of 18 days under the same

6 3 0 2 4
TIME OF " T c ADDITION, days

Fig. 4 Tissue yield of shoots and roots of 10-day-old (a) and
18-day-old (b) wheat seedlings grown in 50 ml of one-half strength
Hoagland solution containing either 1.0 /JCi (• — •) or 5.0 (id
( o — o) of " T c added with increasing time after the start of
germination. The dashed lines (----) in each figure are tissue yield of
control plants. Values are means of triplicate samples; standard error
of the mean is indicated by a vertical bar.
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conditions continued to show greater yield reductions for early 9 9 Tc
additions. However, a significant yield reduction at the 5-jtzQ level
for the later additions indicated that seedlings may be sensitive to
" T c toxicity at later stages of growth than initially thought.

Tissue Yield and " T c Distribution in Mature Wheat Plants

The experiment in which wheat plants were grown to maturity
on Bergland and Nicollet surface soil—sand mixtures vith 10 or 20
f/Ci of " T c added in either three equal increments on days 7, 1",
and 33 or in one increment on day 7 or 33 after plan ring shows the
following general results (see Table 3):

1. The 20-juCi additions severely altered plant, growth character-
istics on both soils at all times of addition. Addition of " T c in three
increments on days 7, 17, and 33 or in one increment on day 7
prevented seed formation, and seed yields were greatly reduced by a
single 20-juCi addition on day 33.

2. Addition of 10 /id of " T c resulted in reduced seed
production on both soils, with greater reductions at early times of
addition.

3. The 10-fxCi addition reduced shoot-tissue yields on Nicollet
soil but not on Bergland soil. This difference can probably be related
to a lower " T c concentration and percent uptake from Bergland
than from Nicollet soil.

4. The first (or older) leaves showed much greater " Tc
concentrations than the new leaves; this indicates that " T c is not
readily translocated from old to new tissue.

5. Concentrations of " T c in wheat seed were approximately 40
to 80 times less than in vegetative tissue of the plant.

From these results we can conclude Jiat, in general, " T c can
reduce both vegetative growth and seed production, even when
added at fairly late stages of plant growth, and that there is limited
transfer of " Tc to the seeds. The results also suggest that the two
soils studied may differ in " T c availability, but this will have to be
confirmed by further study.

SoilSorptionof"Tc

Earlier results showed that, under aerated conditions at 25°C,
Bergland surface soil was much more effective in sorbing9 9 Tc from
aqueous solution than was Nicollet surface soil (Landa, Thorvig, and
Gast, 1977a). This difference in sorption behavior could not be
clearly related to any measured or known differences in chemical or
physical properties of the two soils. As a result, four additional



TABLE 3

YIELDS AND " T c CONTENT OF MATURE WHEAT PLANTS AND SEEDS GROWN ON NICOLLET
AND BERGLAND SURFACE SOILS CONTAINING 10 OR 20 /nQ " T c ADDED AT

DIFFERENT STAGES OF PLANT GROWTH*

" T c added per pot*

Total
added,

jiCi

10
10
10
20
20
20

Control

10
10
10
20
20
20

Contro'.

uCil
addition

3.33
10
10
6.67

20
20

3.33
10
10
6.67
20
20

Day of
addition

7,17,33

33
7,17,33

7
33

7,17,33
7

33
7,17,33

7
33

V
Yieia

'1'ops, g

3.51 (0.05)
3.16(0.03)
2.92(0.16)
2.42(0.17)
1.65(0.18)
2.39 (0.02)
4.02 (0.16)

3.16(0.13)
3.40(0.08)
3.18(0.25)
1.95 (0.16)
2.34 (0.38)
2.69 (0.07)
3.01 (0.15)

Seeds, g

0.28(0.04)
0.47 (0.03)
0.53 (0.10)

0.03 (0.03)
0.96 (0.09)

0.29 (0.09)
0.11 (0.06)
0.41 (0.09)

0.08 (0.06)
1.58 (0.07)

0 ' Tc content of plant tissue and seeds

First leavest

JiCi/g

%of
total

added

Nicollet Soil

2.29(0.10)
1.29(0.02)
0.48(0.01)
3.12(0.06)
2.06(0.07)
7.01 (0.22)

Berglaiic

1.18 (0.09)
0.63 (0.02)

1.61 (0.07)
5.30 (0.02)

80.6 (3.6)
41.1 (0.5)
13.0(0.1)
38.3 (0.7)
18.6(0.6)
91.0(2.7)

ISoil

37.3 (2.9)
22.0(0.6)

14.9 (0.6)
54.2 (0.2)

0.
0.

0
0

New leaves!

MCi/g

32(0.15)
47 (0.13)

.11 (0.01)

.43(0.13)

%of
total

added

4.1(2.1)
4.1(1.3)

1.1 (0.11)
5.0 (0.54)

li

0.03
0.03
0.01

0.01

0.01

Seeds

Ci/g

(0.002)
(0.004)
(0.001)

(0.001)

(0.001)

%of
total

added

0.07 (0.01)
0.15 (0.02)
0.03 (0.01)

0.02 (0.002)

0.01 (0.00)

O

C/l

I
Q
3J

p
(~
Hs
Z
D
OA

L
L

o
I

3)

•Values are means of three replicates;standard error of the mean is given in parentheses.
tEach greenhouse pot contained 1000 g of 2 .1 sand—soil mixture
$ Where data for first leaves only are given, they represent results for total vegetative tissue.
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samples of each soil were collected from different sites, characterized
in terms of several chemical and physical factors, and used in similar
" T c sorption experiments to determine whether the earlier results
were typical for all samples of each soil type and whether any
observed differences in " T c sorption behavior in samples of a given
soil type could be related to differences in the chemical or physical
characteristics of the soils.

Sorption results, expressed as the fraction of " T c originally in
solution (C/Co vs. time), showed that all Nicollet surface soil samples
sorbed 10% or less of the " T c from solution over a period of 2 to 3
weeks (Fig. 5). This is consistent with the results for aerated soil
suspensions reported by Landa, Thorvig, and Gast (1977a). All
Bergland samples showed significantly greater 9 9 Tc sorption than the
Nicollet soils over the same period. There were differences, however,
between the sorption rates for different samples of Bergland soil; i.e.,
sorption rates were greater for samples 2 and 4 than for samples 1
and 3.

An examination of the physical and chemical properties of these
samples (Table 4) showed that the Nicollet soils were all very similar;
this may explain their similar sorption behavior. Samples 2 and 4 of
the Bergland soil were also quite similar in terms of pH. clay content,
and organic carbon. Sample 3 differed in that it had a somewhat
lower carbon content, a high clay content, and a higher free iron
oxide content. In contrast, sample 1 had a low clay content and a
high carbon content.

Although these results do indicate that 9 9 Tc sorption properties
are related to differences in chemical and physical properties of the
ioils, the sorption mechanisms are still far from clear. Landa,
Thorvig, and Gast (1977a) reported that sterilization of the Bergland
soil eliminated its " T c sorption property. Although their studies
were conducted in closed containers rather than in the aerated
systems used here, the results do indicate that a microbial process is
in some way involved. It seems highly unlikely, however, that the
microbial population would differ greatly between Nicollet and
Bergland soils or among four samples of Bergland soil from the same
geographical area.
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Fig. 5 Sorption of " T c at 25°C by four samples of Nicollet (•)
and Bergland (o) surface soils, plotted as the fraction of " T c
(C/Cn), remaining in solution as a function of time. Values are
means of triplicate samples; standard error of the mean is indicated
by a vertical bar.

(Figure 5 is continued on next page.)
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TABLE 4

CHEMICAL AND PHYSICAL CHARACTERISTICS OF FIVE
SAMPLES OF NICOLLET AND BERGLAND SURFACE SOILS

TAKEN AT DIFFERENT LOCATIONS

Sample

Original*
1
2
3
4

Original*
1
2
3
4

pH

H2O

5.9
7.0
5.5
6.1
7.4

6.2
5.8
5.9
5.4
6.1

KCI

4.8
5.9
4.7
5.1
6.4

5.4
4.8
4.9
4.1
5.0

% Sand

Texture

% Silt

Nicollet Soil

32.3
43.3
38.1
41.0
33.6

48.0
31.5
35.7
32.1
39.2

Bergland Soil

20.2
8.7

15.8
2.8
3.9

26.0
51.5
43.5
20.7
24.0

% Clay

24.3
25.2
26.2
27.0
27,2

53.9
39.8
61.5
76.5
72.1

% Organic
carbon

2.3
1.5
2.6
2.1
2.6

4.*
7.3
8.5
4.7
9.3

%
Fe2 0 3

1.18
1.62
1.62
1.19
1.05

3.00
2.06
2.30
3.09
1.66

•Original soil samples used in the study by Landa, Thorvig, and Gast
(1977b).
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GROWTH AND MINERAL COMPOSITION
OF LETTUCE AND SWISS CHARD GROWN
ON FLY-ASH-AMENDED SOILS

AHMED A. ELSEEWI, F. T. BINGHAM, and A. L. PAGE
Department of Soil and Environmental Sciences, University of
California, Riverside, California

ABSTRACT

Romaine lettuce (Lactuca saliva L.) and Swiss chard (Beta vulgaris, var. cicla)
were used as crop indicators of the effects of incorporating variable amounts of
fly ash to an acid and a calcareous soil. The fly-ash additions ranged up to 8% by
weight. Fly-ash-treated soils increased in soil pH and electrical conductivity and
in concentrations of Ca + Mg, Na, SO4, and B of the saturation extract. On the
basis of shoot weights at the end of the growth period (6 weeks), there were no
ill effects on yield of Swiss chard of fly-ash additions to either soil. Yields of
Swiss chard were actually improved when small-to-moderate amounts of fly ash
were incorporated into the soils. This response was in part due to correction of a
marginal sulfur deficiency by the addition of fly ash. In contrast to Swiss chard,
lettuce exhibited a yield reduction when fly ash was added at a 2% rate or
greater. The yield reduction of lettuce was associated with excessive uptake and
accumulation of boron and an increase in soil salinity. Detailed chemical analysis
of plant shoots revealed higher concentrations of S, Na, B, Sr, and Mo in plants
growing in soils amended with fly ash. Phosphorus, zinc, and manganese
conce 'rations in plants generally decreased with fly-ash application to acid soil.

An increased dependence on coal as a source of energy will result in
the production of vast quantities of a waste product generally termed
fly ash. The current annual production of fly ash is estimated at
some 30 to 40 million tonnes, and, if, as projected, use of coal
exceeds 1 x 109 tons, it is estimated that 200 million tonnes of fly
ash will be produced (Bond, Straub, and Prober, 1972). Thus there is
a growing interest in research dealing with the impact of f!y ash on
the environment. Of particular interest are studies on the disposal
and recycling of fly ash on agricultural lands.
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In general, the chemical and physical composition of fly ash is
quite variable. Such factors as coal source, particle size, and degree of
weathering exert an influence on composition. Most fly-ash materials
contain relatively large amounts of Si, Al, Ca, and Fe, mainly in the
oxide form (Rees and Sidrak, 1956), and the smaller the particle size
of fly ash, the higher the concentrations of Pb, Ti, Sb, Se, As, Ni, Cr,
and Zn (Davison et al., 1974) and B and Mn (Lee and Von
Lehmden, 1973). Weathering of fly ash removes some soluble
constituents (Hodgson and Holliday, 1966).

The impact of fly ash on soils has generally been examined
through its effects on soil chemical properties and soil—plant
relationships. A limited number of these types of studies has been
undertaken on a few soils, and the list of plant species tested is far
from extensive. Nevertheless, the studies show that elevated levels of
soil salinity, boron, and pH are observed when soils are amended
with fly ash. Mulford and Martens (1971) noted that salinity of the
Tatum silt loam was more than doubled when Hoot Lake (Fergus
Falls, Minn.) and Fort Martin (Maidsville, W. Va.) fly-ash samples
were added at rates of ~1.0 and 3.8%, respectively. Cope (1963),
however, although recognizing the initial increase in soil salinity
caused by ash additions, Indicated that harmful osmotic effects are
diminished over a period of 2 years.

Despite high concentrations of boron in fly ash and its potential
hazard, boron toxicity from fly ash has never been reported.
Alleviation of boron deficiency in alfalfa was observed, however,
when fly ash was added to soils (Plank and Martens, 1974; Martens,
1971). Since most fly-ash materials are alkaline (Plank and Martens,
1973), the most pronounced effect of fly ash is an increase in soil
pH; this is generally associated with some nutrient imbalance. Zinc
deficiency, for example, was induced in corn by adding an alkaline
fly ash and corrected by applying an acid fly ash (Schnappinger,
Martens, and Plank, 1975). Similarly, the bioavailability of molyb-
denum from fly ash was shown to be essentially equal to that of
commercial forms of this element (Doran and Martens, 1972).

Thus whether fly ash exerts an adverse or a beneficial effect
seems to depend on the particular set of conditions under which it is
used. Obviously, physical and chemical properties of the recipient
soil and the type of plant species to be grown are two important
factors.

Our study was initiated to examine the response of two plants
differing in salt tolerance to additions of an alkaline fly ash to a
calcareous and an acid soil.
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MATERIALS AND METHODS

Unweathered fly ash was obtained from the Mojave Generating
Station (Southern California Edison Company) located near Bullhead
City, Nev. Bulk samples of soil were collected from the surface 0- to
15-cm horizon of the Arizo sandy loam (sandy skeletal, mixed, E

thermic Typic Torriorthent) located in the vicinity of VictorviJe,
Calif., and the Redding sandy loam (coarse loamy, kaolinitic, thermic
Abruptic Durixeralf) located near Miramar, Calif.

Romaine lettuce (Lactuca sativa L.) and Swiss chard (Beta ,,. _'
uulgaris var. ciela) were grown on Arizo and Redding soils treated ;.
with fly ash at rates of 0, 0.25, 0.50, i.00, 2.00, 4.00, and 8.00% by j
weight. During the preparation of each mixture, we added nitrogen, =,;
phosphorus, and potassium from a mixed fertilizer at rates equivalent ;
to 88, 117, and 78 mg/kg, respectively. Four replicates of 9 kg each I
were placed in plastic pots lined with two pla^iic bags, and pots were H
arranged in a completely randomized design on benches in a \
temperature-controlled smog-free greenhouse. Lettuce seeds wire .;,,?
germinated for 10 days in vermiculite, and two seedlings were ''')
transplanted to each pot and grown for 6 weeks. After harvesting j
lettuce tops and removing the roots, we sifted soil mixtures and j
repotted. Two Swiss chard seedlings germinated in the same manner ,-J
were then transplanted to each pot and grown for 6 weeks. I
Tensiometers were installed in all pots, and plants were irrigated with j
deionized water when tensiometer readings approached —50 centi- I
bars. Harvested lettuce and Swiss chard tops were oven-dried for 24 I
to 48 hr at 60 to 70°C, weighed, and then ground to pass a 20-mesh j
screen.

Dried plant materials were wet ashed with 3 : 1 HN03— HC1O4

solution on a hot plate (Ganje and Page, 1975). The procedure
consisted in weighing 250 mg of the ground plant material, adding
1 ml of the acid mixture, heating gently on a hot plate until the
digest was clear, and then adding sufficient deionized water to bring
the volume to 50 ml. Calcium, Mg, Fe, Mn, and Zn were determined
directly in the digest with an atomic absorption spectrophotometer.
Copper was determined by flameless atomic absorption using a
spectrophotometer equipped with a graphite furnace. Boron was
determined by the carmine method as described by Hatcher and
Wilcox (1950), phosphorus by the ammonium molybdate method,
total sulfur turbidimetrically by the method outlined by Tabatabai
and Bremner (1970), and total nitrogen by a semi micro-Kjeldahl
method. Selected samples from lettuce grown on Arizo soil and from
Swiss chard grown on Redding soil were composited and analyzed

u
n
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spectrographically for strontium and molybdenum (Bradford,
Kellner, and Hagstrom, 1973).

Composite soil samples were collected before and after cropping
from each of the variously treated soils. Saturation extracts obtained
from soil and fly-ash samples were analyzed for soil salinity (ECe),
CO3, HCO3, SO4, and boron by methods outlined in USDA
Handbook No. 60 (Richard , 1954). Determination of pH was done
on 24'ir-equilibrated pastes of soils and soil—fly-ash mixtures using
an expandomatic pH meter. Soluble sulfur in fly ash was determined
according to methods described by Bradsley and Lancaster (1960),
and available boron was measured in the boiling-water extract
(Jackson, 1958).

Duncan multiple range tests and the analysis of variance (Little
and Hills, 1972) were performed on the yield and plant-composition
data using an IBM 360/50 computer.

RESULTS AND DISCUSSION

Chemical Composition of Fly Ash and Soils

Data presented in Table 1 indicate that the fly-ash sample used is
very alkaline and saline. The relatively high water-saturation percent-

TABLE 1
CHEMICAL COMPOSITION OF FLY ASH

pH*

12.3

Water
saturation, %

50

Saturation extract analysis

Electrical
conductivity,

3 mmho/cm

11.8

Constituents, meq/liter

Ca + Mg Na K CO3 + HCO3

33 21.3 0.7 6.2

OH

50

Cl

2.7

Constituents, dry weight basis

Sulfur Boron

CaCO,,, ',

4.0

Available,!
7o %

0.4

Total,
%

0.4

Available, $

24

Total, §
jUg/B

750

*pH oi saturated paste.
fNH4OAc extraction (Bradsley and Lancaster, 1960).
^Hot water (Jackson, 1958).
§ Bradford, Page, Straughan, and Phung, this volume.
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age indicates the fine texture of the material. In view of the
abnormally high concentration of OH and the relatively low
concentrations of soluble and solid carbonates, it appears that
elements contained in fly ash are mainly in oxide form. Equal
concentrations of total and soluble sulfur indicate that all the reserve
sulfur in the ash is in a plant-available form. The total boron in the
ash is severalfold greater than that commonly found in most soils
(Bingham, 1973). Furthermore, the value of 24 Mg/g of available
boron in the ash is higher than the critical level (20 jug/g) set by
Davies, Gilham, and Simpson (1971), above which potential toxicity
hazards from fly ash are expected.

Mixing the soil with fly ash resulted in an increase in soil pH (Fig.
la). The increase was more pronounced in the Redding soil and did
not commence in the Arizo soil until the application rate exceeded
2%. At the 8% level of fly ash, the final soil pH was increased by 3.0
and 1.6 units in the Redding and Arizo soils, respectively. In many
cases this postharvest pH was considerably lower than that measured
immediately after the soil—fly ash mixtures were prepared (data not
shown); this indicates that equilibrium between soil and fly ash
requires prolonged periods and may be influenced by cropping.

0 1 2 4 8
RATE OF FLY-ASH APPLICATION, %

0 2 4 6 8
RATE OF FLY-ASH APPLICATION, °,i

Fig. 1 Effect of fly ash on soils treated at various rates and cropped
to lettuce, (a) pH of a saturated paste of Arizo (•) and Redding (•)
soi's. (b) Salinity, ECe, of Arizo ( — • — ) and Redding
( o ) soils.



LETTUCE AND SWISS CHARD GROWN ON FLY-ASH-AMENDED SOILS 573

With regard to salinity, incorporating fly ash into soils was
accompanied by increased electrical conductivity of the soil satura-
tion extract (Fig. lb). Soils varied in their degree of salinization from
fly ash, but at the 8% rate the increase in ECe was 2 to 3 mmho/cm.
At and below the 1% level, the ECe increased by about 1 mmho/cm;
this indicates that such a fly-ash application rate does not induce
salinity levels inhibitory to plant growth (Richards, 1954).

Chemical analyses of soil salinity components are given in
Table 2. Adding fly ash greatly elevated concentrations of soluble
Ca + Mg, SO4 and boron. Definite increases in sodium concentrations
in the fly-ash-amended soila are also manifested. Only in the Redding
soil do the postharvest analyses show an increase in titratable
alkalinity which is consistent with the higher increase in final pH.
Addition of fly ash did, however, produce increases in the initial
concentrations of CO3 + HCO3 in Arizo soil. This increase was
diminished at the postharvest analyses of the soils.

The increase in salinity components of the soils shown in Table 2
is attributed to high concentrations of these components in the
fly-ash sample used.

TABLE 2

CHEMICAL COMPOSITION OF SATURATION EXTRACTS
OF SOILS AND SOIL-FLY-ASH

MIXTURES AFTER CROPPING TO LETTUCE

Fly ash
in soil, %

0
1
2
4
8

0
1
2
4
8

Ca + Mg,
meq/liter

8.8
16.6
22.7
36.7
25.6

3.7
20.2
64.0
36.9
42.3

Sodium,
meq/liter

CO3 + HCO3

meq/liter

Arizo (calcareous) soil

0.6
2.3
5.2
7.8
7.2

Redding

2.3
4.4
7.6
5.9
6.8

1.5
2.1
1.8
1.8
3.9

(acid) soil

0.8
2.7
5.6
8.9

11.7

SO4,
meq/liter

0.9
12.8
18.9
33.3
21.5

0.5
9.6

25.6
22.5
35.0

Boron,
pg/ml

0.8
2.9
4.2
2.5
2.8

0.5
2.1
2.2
2.6
3.1
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Mineral Composition of Plants

Table 3 contains data on the mineral composition of lettuce and
Swiss chard tops at various levels of fly ash. Concentrations of N, K,
Mg, Fe, and Cu in piano tops were not significantly different because
of fly ash addition and are not shown in Table 3. The data in Table 3
show that the mineral composition of plants was significantly
affected by fly-ash addition, crop species, and type of soil. Analyses
of variance show that there were highly significant interactions
among fly ash, crop, and soil. The Duncan multiple range test
demonstrated that fly-ash additions to acid soil significantly reduced
P, Zn, and Mn and generally increased S, Ca, Na, and B. The data in
Table 3 also show that fly-ash additions to calcareous soil signifi-
cantly increased the concentrations of S, Ca, Na, B, and Mn in
lettuce and Swiss chard tops and reduced those of P and Zn in
lettuce tops.

Since strontium and molybdenum analyses were performed on
composite samples, the data were not analyzed statistically. The data
indicate, however, that fly-ash additions to the two soils were
associated with increasing concentrations of strontium and molyb-
denum in plant tissue.

The results indicate that fly ash of the type used in this study
may serve as a source of S, B, Mn,iS;jnd perhaps Mo to plants. As
mentioned earlier, other investigators were able to correct boron and
molybdenum deficiencies in plants by using the appropriate fly-ash
samples. To our knowledge, the response of plants to sulfur from fly
ash has not been reported.

On the basis of the linear and positive increase in strontium
concentrations with ash additions (Table 3) and of studies of soils
and vegetation of some areas of the Mojave Desert arcund Mojave
Generating Station (Bradford, Page, Straughan, and Phung, this
volume), it is appropriate to suggest that strontium concentrations ; j
in soils and plants may serve as an index for environmental I
contamination as a result of burning coal for energy production. ' j

Yield Relations : :|
I I

Analysis of variance (Table 4) demonstrates that fly ash, crop r l

species, and type of soil exerted significant effects on the yields of \. i
plants. It further indicates highly significant differences in yields of 1 1
lettuce and Swiss chard in relation to fly-ash treatments and types of j j
soil (acid or calcareous). Furthermore, the analysis of variance shows I *
that fly-ash treatments induced the same effects on yields of plants I i
grown on the two soils.



TABLE 3

SELECTED CHEMICAL ANALYSES OF TOPS OF LETTUCE
AND SWISS CHARD GROWN ON TWO FLY-ASH-AMENDED SOILS*

Fly ash
in soil, % P, % S, % Ca, % Na, % B, jug/g Zn, Mn,jUg/g Sr,jUg/g Mo, jiig/g

o
m
>

8
o
3)
O

a

i

• <

mzo
m
D

8

Lettuce [Arizo (calcareous) soil]

0
1
2
4
8

0
1
2
4
8

0
1
2
4
8

0.36yz
0.32z
0.40y
0.42y
0.40y

0.44x
0.34y
0.20z
0.29y
0.38y

0.40yz
0.48y
0.42yz
0.39z
0.36z

0.04z
0.08y
0.08y
O.llx
0.12x

0.14z
0.20yz
0.34x
0.21yz
0.28xy

0.05z
0.27y
0.34x
0.46w
0.46w

0.9z
1.7x
1.4xy
1.4xy
l. lz

]

1.27z
1.46z
2.45y
1.34z
1.57z

0.04z
0.13y
0.17x
0.20w
0.24v

35z
85y

144x
144x
235w

38y
30yz
25yz
24z
24z

Lettuce [Redding (acid) soil]

0.07xw
0.06xyz
0.08x
0.05yz
0.04z

61z
75z

139y
143y
320x

9 1 y
81y
39z
37z
32z

Swiss chard [Arizo (calcareous) soil]

1.92z
1.79z
1.68z
1.71z
1.77z

0.45z
1.07y
1.56x
1.9 2 w
2.44v

87z
142z
172yz
247xy
325x

42z
47z
40z
51z
42z

lOOyz
160x
125y
105yz
90z

227x
80z
90z

120y
120y

123z
36 5y
315y
315y
155z

76
105
103
115
124

7.0
7.8
9.3

16.8
4.6

(Table continues on following page.)



TABLE 3 (continued)

Fly ash
in soil, %

0
1
2
4
8

Fly ash
Crop
Soil
Crop soil
Fly ash

x soil
Fly ash

x crop

P, %

1.48x
0.93y
0.62z
0.57z
0.61z

c
c
c
c

c

c

S, %

O.llz
0.32y
0.30y
0.32y
0.33y

c
c
b
c

c

c

Ca, % Na, % B, pg/g Zn, jUg/g

Swiss chard [Redding (acid) soil]

1.19z
1.79xy
1.96x
1.79xy
1.60y

b
c
a
c

c

NS

2.75z
3.50y
3.26yz
3.78y
4.71x

134z
132z

75z
77z

144z

194x
117y

68z
60z

160z

Analysis of variancef

c
c -
c
c

a

c

K

NS
a
r.

c

c

c
c
c
b

c

c

Mn, fig/g

719w
238x
178xy
105z
160yz

b
c
NS
NS

c

c

Sr, pg/g

42
140
122
246
276

Mo, pg/g

<1.0
2.0
2.5
3.0
4.4

m

m
m

2
"Z
o
I
>
-

z
o
"a

a
m

•Except for strontium and molybdenum, figures represent mean of four replicates of each treatment. Means
followed by the same letters are not significantly different at the 5% level.

tSignificant at 5% (a), 1% (b) and 0.1% (c). NS is not significant.
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TABLE 4

YIELD* OF LETTUCE AND SWISS CHARD GROWN
ON TWO FLY-ASH-AMENDED SOILS

Fly ash
in soil, %

0
0.25
G.50
1.00
2.00
4.00
8.00

Lettuce yield, g/pot

Arizo soil

l l . l v
9.3w
8.5wx
7.7x
4.3y
2.2z
1.5z

Fly ash
Crop
Soils

Redding soil

14.8wx
15.8w
13.3wx
ll.Oxy
3.0z
7.5y
2.0z

Swiss chard yield, g/pot

Arizo soil

17.5y
19.5xy
18.0y
20.5xy
20.0xy
21.3x
15.3z

Analysis of variancef

c Crop x soil c
c Fly ash !
a Fly ash >

< soil NS
< crop c

Redding soil

ll.Oyz
ll.Oyz
13.0yz
12.8yz
17.8x
14.0y
9.8z

*Mean of four replicates of each treatment. Means in columns
followed by a common letter are not significantly different at the
5% level.

tSignificant at 5% (a) and 0.1% (c) levels. NS is not significant.

Increasing the rate of fly-ash application reduced the yield of
lettuc? but showed no ill effects on the yield of Swiss chard
(Table 4). A 50% yield decrement in lettuce appeared to be
associated with an application rate of 1 to 2% for Arizo soil and 4%
for Redding soil.

Hodgson and Holliday (1966) classified lettuce as a sensitive
plant with respect to "tolerance" to fly ash. This sensitivity may be
explained on the basis of soil and plant analyses. Increasing salinity
in the soil caused by fly-ash application apparently created some
adverse osmotic relations. Also increased concentrations of sodium
and boron in the soil increased their concentrations in plant tissue.
Linear regression analysis of lettuce dry yield (DY) vs. ECe and
boron and sodium concentrations in plant tissue yielded a series of
regression equations suggesting strong correlations between these
parameters and yield reduction. For ECe the equations were DY =
13.4 — 3.62 (ECe) [r = -0.97, standard error (SE) = 0.83] for Arizo
soil and DY = 16.3 - 2.81 (ECe) (r = -0.90, SE = 2.17) for Redding
soil. For boron (in micrograms per gram) the equations were DY =
1 2 . 1 - 0.05 (B) (r= -0 .81 , SE = 1.64) for Arizo soil and DY =
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15.6 - 0.05 (B) (r= -0 .85 , SE = 2.81) for Redding soil. The
equation for sodium (in percent) on Arizo soil was DY = 12.4 — 0.01
(Na) (r = -0.96, SE = 0.68). In all the equations DY is expressed in
grams, and the correlation coefficients were significiant at the I1/?
level.

The sodium content of lettuce plants grown on Arizo soil
amended with fly ash was highly correlated with reduced yields, but
such a relationship was not shown for lettuce grown on fly-ash-
amended Redding soil. Comparing sodium data in lettuce plants
(Table 3), we see that uptake was generally greater on Arizo
(calcareous) soil than on Redding (acid) soil. The drop in lettuce
yield at the 2% application rate of fly ash to Redding soil (Table 4) is
probably caused by increased soil salinity. The ECP of this particular
treatment was 5.5 mmho/cm, in comparison with 2.2 mmho/cm in
soils receiving the 1% fly-ash application rate (Fig. lh). Table 3
shows that the 2% fly-ash treatment produces the highest calcium
and sodium concentrations in the plants, along with high boron and
low phosphorus. This suggests that salinity has had an adverse effect
on the yields of lettuce plants.

It may be argued, however, that the limit of salt tolerance of
lettuce plants is higher than salinity levels obtained in this study
(Ayers, Wadleigh, and Bernstein, 1951). The relative sensitivity of
lettuce to boron and sodium is well established, however. Eaton
(1944) suggested that for lettuce 1 ppm of boron in the substrate
was associated with plant injury and that a concentration of 70 ppm
in the plant tissue was associated with yield reduction. Data
compiled by Lunt (1965) show that lettuce growth was reduced with
increasing sodium in the soil and, at an exchangeable sodium
percentage (ESP) of 28, lettuce yields were reduced 52%.

The ability of Swiss chard to sustain normal growth on the two
soils at all fly-ash application rates—and, in fact, to show stimulated
growth at some of the higher fly-ash rates—establishes its tolerance to
fly ash and, further, suggests the existence of a growth-promoting
factor in the ash.

The tolerance of Swiss chard to salinity and boron (Boswell,
1957) and to sodium (Baird and Mehlich, 1950) is also well
established. Baird and Mehlich showed that Swiss chard grew well on
soil with an ESP of 80 and contained the equivalent of 5.4% sodium
in the tissue; this rules out excessive uptake of sodium as a factor for
reduced yields of Swiss chard at the 8% fly-ash treatment (Table 4).

Increased yields with application of fly ash have been observed
by other investigators for a number of plant species. At an
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application rate of 12.5%, Rees and Sidrak (1956) obtained a
remarkable increase in the yield of mangold (Beta uulgaris) and
definite improvement in yields of mustard (Brassica juncea) and
Brussels sprouts (Brassica oleracea, var. gennifera). They stated
". . . ash contains some property particularly favorable to the growth
of Atriplex (Atriplex hastata var. deltoidea) which exerts a very
powerful effect when adequate nitrogen is available to this
p lan t . . . ." Similarly, Plank and Martens (1974) observed an increase
in yield of alfalfa (Medicago sativa L.) grown on an acid soil amended
with fly ash at rates varying from 5 to 10 tons/ha which they
attributed to alleviation of boron deficiency. Corn (Zea mays L.)
grain yield was also shown to increase after fly-ash application to an
acid soil at an accumulative rate of 288 tonnes/ha; this was
attributed to increased water availability (Plank, Martens, and
Hallock, 1975).

The improved yields of Swiss chard at higher application rates of
fly ash are attributed to increased availability of sulfur and,
therefore, to correction of a marginal sulfur deficiency. Leaf sulfur
concentrations of the control plants are 0.11 and 0.05% for the
Redding and Arizo soils, respectively. Leaf sulfur values ranged up to
0.46% sulfur for plants exhibiting the greatest yields (Redding soil,
2% fly ash; Arizo soil, 4% fly ash). We are unaware of critical sulfur
values for Swiss chard; hence the question of a sulfur response from
fly-ash treatment of the soils is not certain. However, the leaf sulfur
concentration of the control plants corresponds quite closely to the
critical sulfur concentration for sugar beets (Beta saccarifera) (Ulrich
et al., 1959), a plant species in the same family as Swiss chard.
Experiments specifically designed to investigate response of plants to
sulfur from fly-ash sources are under way with soils known to be
low in available sulfur.

CONCLUSIONS

Greenhouse studies show that the tolerance of plants to
incorporation of fly ash into soil is determined in part by total and
specific salts. Because of the sensitivity of lettuce to salts and boron,
rates as low as 2% fly ash reduced growth, whereas growth of Swiss
chard was not adversely affected by rates as high as 8%. These rates
could probably be increased under field conditions where leaching of
excess salts and boron occurs. Results also show that fly ash could be
used as a source of plant-available nutrient elements, e.g., sulfur and
boron.
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COMPARATIVE TOXICITY OF
CrOf", Mn2+ , Co2+, Ni2 + , Cu2+

r Zn2+,
AND Cd2+ TO LETTUCE SEEDLINGS

WADE L. BERRY ;.j
Environmental Biology Division, Laboratory of Nuclear Medicine and 'j
Radiation biology, University of California, Los Angeles, California

ABSTRACT

Lettuce seeds imbibed, germinated, and grown in a O.l-strength modified
Hoagland culture solution were subjected to a series of increasing concentrations
of individual heavy metals up to and exceeding lethal levels. After an exposure
of 5 days, seedlings were harvested, examined, and measured to determine toxic
effects. A log—log plot of root length (yield) vs. heavy metal '•oncentratior was
made for each metal to produce a dose response curve. Tne curves showed a
growth plateau at low concentrations of the respective metals which was
equivalent to the growth of the control. All metals inhibited root growth and
caused lethal toxicity in the sub- and low-milliequivalent range. When concentra-
tions of the tested metals exceeded their thresholds of acute toxicity, root
growth was inhibited. In the zone of inhibition, between the acute toxic
threshold und complete inhibition, the log—log dose response curves were
approximately linear or were a series of linear steps. The threshold toxicity and
the response slope were characteristic for each metal. Seedling lettuce showed a
monophasic response to VOj, Cu2+, and Zn2*; a biphasic response to CrOj~,
Mn2*, Ni2*, and Cd2 *; and a quaJrapbasic response to Co2*. The acute toxicity
threshold on an equivalent basis increased according to the following sequence:
Cd2* < V0~} < Co2+ < Cu2* < Ni2* < CrOl" < Zn 2 *<« Mn2*, On this baris,
Cd2"

Many trace elements, particularly the heavy metals, have long been
recognized as potentially toxic to biological systems in trace amounts
(Berry and Wallace, 1974; Schroeder, 1973; Tyler, 1972). Trace
metals are difficult to categorize for they can be either deficient,
essential, tolerated, or toxic to plants depending on the concentra-
tions at which they are available. The concentrations of trace

582
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elements responsible for severe deficiency or lethal toxicity are
established in many cases (Chapman, 1966), but their acute toxicity
thresholds and unit toxicity within the zone of toxicity are virtually
unknown or are known only within an order of magnitude.

When it is necessary to control trace elements in the environ-
ment, the primary concern is not to eliminate them but to maintain
them within a compatible concentration range. Only a few of the
recent papers on trace-element contamination and environmental
hazards associated with elevated levels of various trace elements deal
with dose response curves with sufficient precision to be useful in
predicting yield inhibition as a function of available trace elements
(Page, Bingham, and Nelson, 1972; Root, Miller, and Koeppe, 1975;
Bingham et al., 1976).

These studies were undertaken to determine to what extent plant
response was involved in the toxicity of specific heavy metals to a
soil—water—plant system. To do this, I grew seedling lettuce in
nutrient solution and determined detailed dose response curves so
that the threshold and unit toxicities of various metals to plants
could be compared.

MATERIALS AND METHODS

All the experiments were carried out using lettuce (Lactuca sativa
L. C.V. Climax). Each sample was composed of 50 lettuce seeds
imbibed in a 0.1-strength modified Hoagland solution (Hoagland and
Arnon, 1950) plus the appropriate trace-element treatment, Cd2+,
VO3, Co2+, Cu2+, Ni2+, CrO|", Zn2+, or Mn2+. The seedlings were
submerged in 1 liter of treatment solution in 1-liter Erlenmeyer
flasks and were constantly aerated and mixed with filtered com-
pressed air. The macronutrients in the 0.1-strength nutrient solutions
(in milliequivalents per liter) were 1.5 NO3, 0.2 H2PO;, 0.6 K\ 1.0
Ca2+, 0.4 Mg2+, 0.4 SO?,", 0.1 Na\ and 0.1 Cl". The base level of
micronutrients (in microequivalents per liter) was 13.8 BO2", 1.8
Mn2+, 0.15 Zn2*, 0.06 Cu2+, and 0.02 MoO|". Iron, at 17.9 /xeq/liter,
was added as the ferric sodium ethylenediaminetetraacetate (Fe—
EDTA) complex (Jacobson, 1951). Treatment doses of the divalent
cations Cd2+, Co2+, Cu2+, Ni2+, Zn2+, and Mn2+ were added to the
culture solutions as sulfates. Vanadium (VO3— V) was added as
NH4VO3, and the CrO|"—Cr was added as K2Cr04 . The control
treatments consisted of 0.1-strength nutrient solution without
additional trace elements. A solution-to-seed ratio of 1 liter to 50
seeds was maintained for all samples. A large solution-to-seed ratio
was used to ensure that the treatment concentration was not



584 BERRY

significantly affected by seed or plant absorption of the tested trace
element. The lettuce seeds were imbibed, germinated, and grown in
their respective treatment solutions in growth chambers under the
following environmental conditions: day length, 16 hr; day tempera-
ture, 25°C; night temperature, 20°C; and light, 500 ft-c from a
combination of incandescent and cool white fluorescent lamps,
except for the samples treated with copper, where light was 1500
ft-c. Light intensity did not appear to be a factor as long as there was
sufficient light to inhibit excessive hypocotyl elongation, which
occurred at very low light levels. Makeup air was passed through
charcoal filters to remove air pollutants.

Five days after imbibition, 10 seedlings from each treatment
were measured for root length from the junction of the hypocotyl to
the root tip. The entire response curve, which consisted of 30 to 47
treatments for each trace element, was repeated at least four times.
The dose response curves were consistently reproducible in subse-
quent runs.

RESULTS AND DISCUSSION

Results are expressed in terms of microequivalents so that the
dose response curves can be compared on an equal chemical basis. In
a defined medium and at a low treatment concentration, as used,
e.g., for most of these experiments, activity is closely associated with
concentration. All thresholds, except that for Mn2 +, occurred at low
concentrations. Therefore, for convenience, the results are expressed
in terms of applied concentration. In extrapolating these results to
more complex systems, such as soils, we must consider the
relationship of activity to concentration in that system, because
precipitated, fixed, and/or highly chelaUsd fractions of the total
metal content are not biologically available and, therefore, are not
potentially toxic. Concentrations of the required micronutrients
(Zn 2 \ Cu2+, and Mn2*) in the basal solution were sufficiently high
to supply the minimal nutrient requirements but were less than 1%
of the determined toxicity threshold. Therefore, the response curves
presented start beyond the metal concentration where a growth
response to the addition of these micronutrients would be expected
(Berry, 1971). To maintain a reliable iron supply, I added iron as the
EDTA complex. This was judged necessary even though preliminary
experiments indicated that dose response curves of the other metals
that chelated had a tendency to be shifted intact slightly to the right
in the presence of EDTA.
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The toxicity concept is a dichotomy encompassing both acute
and chronic types. Chronic toxicity occurs after an infinitely long
exposure to a toxicant, whereas acute toxicity occurs after an
infinitely short exposure to toxicants. The practical exposure period
to consider for chronic toxicity, however, needs only to be long in
relation to the organism's life-span, and, similarly, the exposure
period for acute toxicity must be sufficiently long for measurable
growth to have occurred under control conditions so that differences
can be determined. In these experiments 5 days was chosen as the
exposure period for determining acute toxicity. This exposure is
short when we consider the overall life cycle of the lettuce plant; it is
< 5% of the time required to produce a commercial crop.

The dose response curves for lettuce seedlings treated with a
series of increasing concentrations of these trace elements are shown
in Fig. 1. The initial portion of the dose response curves (at low
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Fig. 1 Dose response curves of seedling lettuce to high concentra-
tions of Cd2\ VO'3, Co2+, Cu2+, Ni2+, CrO2~, Zn 2 \ Co*\ and Mn2+.

concentrations) for all the trace elements is a yield plateau equivalent
to the control, where root length was not affected by low levels of
the trace elements. This is very significant in that for all these
elements there is some concentration below which acute toxicity did
not occur.

In the region of toxicity between the plateau and complete root
inhibition, the dose response curves of the trace elements studied
were approximately linear or were a series of linear steps (Berry,
1974; 1975). The intersection of the plateau and the descending
portion of the response curve defines the threshold of acute toxicity
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in lettuce seedlings; this is where the metals first became toxic to
seedling development.

The unit toxicity of these metals to lettuce is given in terms of
the amount of inhibition per log unit of metal in the region of
toxicity (Table 1). Therefore, the unit toxicity, or toxicity per log
unit of trace element, is defined in terms of the slope of the dose '
response curve. The steeper the slope the greater the inhibition per
log unit of concentration, If the slope is very steep, there is little
difference in concentration between tolerance and complete inhibi-
tion of seedling development. If the slope is shallow, each log unit of
metal concentration past the threshold value will cause relatively
little inhibition.

The concentration of the trace element which results in a 50% '••>
decrease in growth is the 50% growth value. Acute lethal toxicity is
the concentration that causes death after an acute exposure. In these
experiments a root length <0.1 cm indicated that the root was dead.
This was verified for Zn2 + and Cd2+, for which growth recovery
experiments were performed after the initial 5-day exposure period.
Root growth could not be reinitiated on treated roots <0.1 cm in .••• j
length when they were transferred to a control solution.

Because the dose response curves of all trace elements studied do
not have the same slopes (Fig. 1), the relative ranking of the elements i
for acute toxicity threshold and lethal toxicity will not be the same. |
For example, Cd2+ has a much lower toxicity threshold than Cu2+, I
but the unit toxicity of Cd2+ is much less than that of Cu2+. The
result is that the two dose response curves cross over, and the lethal j
concentration of Cu2 + is less than that of Cd2 +. '

The eight tested trace elements can be compared in several ways; j
e.g., we can compare threshold toxicity, 50% growth, lethal toxicity, i
unit toxicity, and number of phases present in the dose response j
curve. When we evaluate the potential environmental hazard of trace I
elements, thf> first, if not the most important, parameter to consider jl
is the acute toxicity threshold, i.e., the lowest concentration of the 1
toxicant which will result in damage to the plant after a short-term J
exposure. For seedling lettuce the acute toxicity threshold on an ;
equivalent basis increases in the following way: Cd2 f <̂  VO3 < Co2+ J
< Cu2+ < Ni2+ < CrOr < Zn2+ < « Mn2" (Table 1). Thus Cd2< is |
the most toxic of the trace elements tested because it takes fewer I
equivalents of Cd2 + than of any others to cause inhibition of growth.
The acute toxicity threshold of Cd2 + (1.6 jaeq/liter) is five times lower
than that for VO3 (8 yueq/Iiter), which has the next lowest value
(see Table 1). Manganese is relatively nontoxic for a trace element |j
with a threshold of 3200 /^eq/liter. The rest of the elements tested, •



TABLE 1

COMPARATIVE TOXICITY OF TRACE ELEMENTS TO LETTUCE SEEDLINGS

Trace
element

Cd2 +

VOj
Co2*
C u 2 '
Ni2*
CrOj"
Zn2 +

M n 2 '

Equivalent
weight

56.2
50.9
29.5
31.8
29.4
26.0
32.7
27.5

Threshold
toxicity,
jueq/liter

1.6
8

13
15
19
42
63

3,200

50% growth
toxicity,
,ueq/liter

7
19
62
16
29
67

105
5,600

Lethal
toxicity,
Afeq/liter

90
5 9 0

1,500
22

5,000
2,000
2,500

27,0001

Slope

-0 .3
-0 .8
-0 .5
-9 .0
-1 .6
—1.4
—1.0
-1 .2

Regression parameters* of

Intercept

0.65
1.30
1.05

11.87
2.66
2.99
2.29
4.87

Correlation
coefficient

0.95
0.99
0.90
0.73
0.99
0.99
0.99
0.99

first phase

Number of
observationst

10
17
14
14
14

9
2 1
10

>
0
m

r~

s
m
-1
H
Q
XC

ITY

*The regression parameters are given in log terms for the equation in which y = root length (cm) and x = jUeq
metai ion/liter for the first toxic phase after threshold. The parameters are for a single dose response curve
determination except for Co2* and Cu2 where the limited concentration range required data from two
determinations to provide a reasonable number of observations within the desired range.

fEach observation is the average of 10 root measurements from a given treatment.
jLethal concentration for manganese is high enough to reflect other than specific ion effects.
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VO"3, C o 2 \ Cu2+, Ni2+, Cr2*, and Zn2+, had relatively similar
thresholds, ranging from 8 to 63 /ieq/liter. It is also possible to
compare trace-element concentrations that will result in a 50%
reduction in yield. This parameter is reminiscent of LD5 0 for animals
but is not directly comparable. The values are presented in Table 1,
with the following order of relative decreasing toxicity: Cd2+ < Cu2 +

< VO3 < Ni2+ < Co2* < CrO2/ < Zn2+ < Mn2+. The change in
relative order between threshold and 50% growth is caused by the
very extreme differences in the slopes of the response curves for
Cu 2 + andCo 2 \

Threshold levels are not the only criterion to consider when
evaluating potential toxicity. Unit toxicity should also be considered;
it determines the amount of inhibition once the threshold level is
exceeded. The slope for the first toxicity phase was determined by
regression analysis. The regression parameters given in Table 1 are for
a single determination of a dose response curve, except for Cu2 + and
Co2+, for which two determinations were pooled to obtain the
desired number of observations within the concentration range. The
correlation coefficients were 0.9 or greater for all response curves
except that for Cu2 +. Small treatment differences in Cu2 + concentra-
tions, in conjunction with a very narrow Cu2+ concentration range
between no response and complete inhibition, could account for the
lower correlation. The relative unit toxicity, or slope of the first
toxicity phase, is Cu2+ > Ni2+ > CrO|~ > Mn2+ > Zn2+ > VO"3 <
Co2+ > Cd2+. For Cu2+ only a small increase, less than twofold, in •.
concentration over threshold would result in a lethal response. For i
Cd2* a twofold increase over threshold would cause inhibition of less j
than a third. Therefore, setting the control level at threshold would j
not give the same degree of protection for both metals. I

The last two comparisons are of values for lethal toxicity and j
number of phases. The relative lethal concentration of the trace
elements tested, starting with the most toxic, is Cu2+ < Cd2+ < VO3 ;
< Zn2+ < Co2+ < CrO2.' < Ni2+ < Mn2+. The number of phases
shown in the dose response curves could be related to different i
mechanisms that could be affected by an overdose of these trace j
elements. Seedling lettuce showed a monophasic response to VO3, |
Cu2 \ and Zn2 *; a biphasic response to CrO|", Mn2 \ Ni2 +, and Cd2 *; j
and a quadraphasic response to Co2+. j

i
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IMPACT OF CRUDE OIL ON ROOT RESPIRATION
AND LEVELS OF SOLUBLE SOIL CELLULASE
IN COASTAL ARCTIC TUNDRA

A. E. LINKINS, R. K. ANTIBUS, O. K. MILLER, and G. A. LAURSEN
Department of Biology, Virginia Polytechnic Institute and State University,
Blacksburg, Virginia

ABSTRACT

Prudhoe crude oil was applied to representative high-center or low-center trough
or rim polygon habitats at levels of either 5 or 12 liters/m on July 1, 1975.
Root respiration of the dominant herbaceous vegetation and levels of soluble soil
cellulase were monitored at four sample dates during the following summer
season. Oil caused significant decreases in respiration and changes in the
oxidative metabolism of all roots examined, regardless of whether root—oil
contact was early or late after oil application. Oil caused a greater perturbation
of root respiration at lower temperatures. Levels of soluble soil cellulase were
also lowered by the presence of oil in the soil, but the stability of extracted
cellulase to oil exposure suggests that the changes of cellulase levels in oil-treated
soils are caused by changes in the decomposition-associated microbial com-
munity. The time of oil—root or oil—cellulase contact seems to be related to the
moisture content of the soils. The greater the moisture content of the soils, the
later the oil interaction and the lesser the degree of perturbation.

The arctic coastal plain is a tundra habitat dominated by herbaceous i
plant forms. The tundra at Barrow, Alaska, is indicative of this and j
ranges from relatively dry high-center polygon systems to moist j
low-center polygon systems. The entire tundra is underlain with i
permafrost (Bunnell, MacLean, and Brown, 1975; Miller, 1976). The j
discovery and development of oil reserves has stimulated research J
into the impact of oil perturbation on this environment. j

The Barrow tundra is dominated by the vascular plant forms
Carex aquatalis, Dupontia fisherii, and Eriophorum angustafolia in
the wet low-center polygon systems and Lesula confusa and Salix
rotundafolia in the drier high-center polygon systems (Britton, 1966;

j
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Murray and Murray, 1973). In this tundra environment, as in many
others, 85 to 95% of the total biomass of live vascular plants is in the
root systems. The root sys; ?m is the major center for nutrient and
mineral storage (Dennis ana Johnson, 1970; Dennis and Tieszen,
1972; Shaver and Billings, 1975; Wielgolaski, 1972). The complete
senescence of the aboveground components of these tundra plants
makes the roots the only viable storage biomass during the long
winter period. This is especially significant for these tundra plants
since vegetative regrowth from the overwintering roots is the major
means of annual revegetation.

Katenin (1964) reported that many of the arctic tundra vascular
plants have some mycorrhizal associations. Linkins and Antibus
(1976) reported that the root systems of C. aquatalis and D. fisherii
have fungal associations that are characteristic of an endomycorrhizal
association. The fungal-associated roots are small, lateral, unbranched
roots that predominate in the organic peat component of the tundra
soil. The larger roots of these plants show no fungal associations.

The impact of crude oil on arctic tundra vascular plants is varied
but generally results in complete loss of aboveground herbaceous
biomass. In some cases there is limited shoot regrowth within 2 to 4
weeks after the oil spill, but the degree of regrowth depends on the
nature of the spill and the general habitat (Deneke et al., 1975;
Freedman and Hutchinson, 1976). Regrowth the year after a spill is
again varied and depends on the nature of the spill, the general
habitat, and the time of year of the initial spill. Oil spills in the
Barrow tundra at levels of 12 to 35 liters/m2 generally caused
complete lack of revegetation the following year. This was true even
when there was not a complete loss of vegetation during the summer
of the initial spill (Deneke et al., 1975).

Adding crude oil, a complex mixture of aliphatic and aromatic
hydrocarbons, alters the carbon balance in the so a. This shift in soil
carbon balance, plus the effect of the oil's coating the available
carbohydrate plant material in the soil, should alter the structure and
composition of the bacterial and fungal carbohydrate-decomposing
community in the soil.

Cellulase (B l-4-glucan-4-glucanohydrolase) is an enzyme pro-
duced by organisms involved in decomposing the cell-wall material of
plants. Cellulase hydrolyzes the glycosyl bonds of cellulose, which is
the major structural component of the cell walls of higher plants.
Levels of cellulase in the oil-treated soils should give an indication of
changes in the nature of carbohydrate-based decomposition and
turnover. Changes in the nature or rate of plant decomposition also
affect the compartmentation and turnover rate of plant-associated
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minerals in these mineral-poor oil-treated soils (Chapin, Van Cleve,
and Tieszen, 1975; Barel and Barsdate, 1974a; 1974b).

To date, no work has been reported on the impact of crude oil in
tundra soils on root respiration in higher plants, oxidative metabo-
lism, or soluble soil cellulase. This paper reports the effects of crude
oil spilled at levels of 5 and 12 liters/m2, July 1, 1975, on root
respiration and the soil cellulase levels during the following summer
period.

MATERIALS AND METHODS

Site Description

Sample plots, 5 to 10 m2 in area, were located in the two major
arctic coastal tundra habitats of sites 1 and 4 of the U. S.
International Biological Program, Tundra Biome study area (Bunnell,
MacLean, and Brown, 1975; Miller, 1976). The two habitats were
high-center and low-center polygon systems. Plots for root-respira-
tion studies were specifically on the high centers of the high-center
systems and on the rim and trough components of the low-center
systems.

The high-center polygon systems have centers raised 0.5 to 1.0 m
above surrounding and often continuous wet-trough systems. The
trough systems often have standing water in them, but the high
centers have the lowest soil moisture (0.58 ± 0.8 g/m3) and the
highest soil density (1.30 ± 0.21 g/m3) of all soils in this study
(Everett, 1976a) (the uncertainties are standard deviations). The
dominant herbaceous plant on the high centers was Lesula confusa.

The low-center polygon systems have depressed centers several
meters in diameter surrounded by rims 30 to 50 cm higher than the
centers. Outside the rims are troughs that are continuous throughout
much of the low-center system. The troughs often contain up to 50
cm of standing water in the spring and early summer, and, even
though they dry later in the season, their soils remain at or near
water saturation levels. Soils from the trough systems in this study
had the highest soil moisture (0.85 ± 0.04 g/m3) and the lowest soil
density (0.52 ± 0.11 g/m3) (Everett, 1976a). The predominant
vascular plant in the troughs was Dupontia fisherii.

The rim components of the low-center polygon systems were 1
to 2m wide, and their soils had lower moisture (0.73 ± 0.05 g/m3)
and higher soil density (0.93 ± 0.10 g/m3) than the trough systems
(Everett, 197Ga). The predominant plant in the rim systems was
Carex aquatalis.
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The impact of oil on root respiration oi the dominant plant in
the low-center polygon basin systems (C. aquatalis) was not
determined since the plant density was too low to permit any
meaningful study.

Root Respiration Measurements and Analysis

On July 1, 1975, crude oil from the Prudhoe Bay oil wells was
applied uniformly to the vegetation and soil of the sample plots at
levels of 5 or 12 liters/m: (Miller, 1976). Soil cores, 2.5 by 8 cm,
were removed from treated and control plots four times during the
summer of 1975; sample 1 was taken July 2; sample 2, July 15;
sample 3, July 29; and sample 4, August 12. Roots of L. confusa, C.
aquatalis, and D. fisherii found within the top 6 cm of the core were
used in the study.

Roots were carefully removed from the soils of both control and
oil-treated plots under a running stream of water to minimize damage
to the roots during extraction. Roots free of visible soil were weighed
and then suspended in 1 to 2 ml of water in a standard 16-ml
respirometer reaction llask. Reaction flasks containing roots were
then equilibrated at 1, 10, or 20°C for at least 1 hr before the
system was closed and respiration measurements were taken.
Respiration was determined using the direct KOH method, with
oxygen and carbon dioxide flux measured and respiratory quotients
determined (Umbreit, 1964).

Roots of C. aquatalis or D. fisherii were removed from low-center
polygon rim or trough soils and prepared for respirometric evaluation
as described. After the roots were equilibrated at 1, 10, or 20° C and
run for 1 to 3 hr in a closed system to determine nonperturbed
respiration rates, 1 to 2 ml of Prudhoe crude oil from the reaction
flask side arm was added. Respiration was measured as described for
a 5- to 8-hr period after addition of the oil.

Water used in the reaction flasks was taken from the low-center
trough systems and was sterilized by passage through a 0.22-jum
Millipore filter. Water used in each run was collected at the same
time as the root samples.

Respiration data were analyzed in the following manner. For
each sampie date two or three soil cores from each plot were
analyzed. Equal wet weights of root material from the various soil
samples were put into at least six reaction flasks. Oxygen and carbon
dioxide flux was measured at 30-min or 1-hr intervals for at least 3 hr
(measurement periods for any one temperature were generally 5 hr).
After correcting to dry gas values (Umbreit, 1964), we summed the
gas flux values and determined the means. Statistical significance of
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t h e means was e s t ima t ed f rom values twice t h e s tandard error of the
m e a n .

Cellulase Extraction and Assay

Cellulase was extracted from soil cores from control and
oil-treated plots either with filtered, autoclaved water taken from the
trough systems or with 25 mill phosphate buffer at pH 5.6. There was
no latent cellulase activity in the autoclaved water from the trough
systems. Extraction was accomplished by mixing the soil thoroughly
with the appropriate extraction medium, allowing the resulting slurry
to stand for 15 min at 10°C, and removing an aliquot of the resulting
supernatant solution to be used for the cellulase assay.

Cellulase activity in the supernatant was determined by the
viscometric method of Almin and Eriksson (1967) and Almin,
Eriksson, and Jansson (1967). Statistical significance of the cellulase
data was determined as described.

RESULTS AND DISCUSSION

Respiration for roots of L. confusa from the control and
oil-treated high-center polygon plots is shown in Fig. 1. Respiration
for roots in the control plot shows a general decline from an early
season high; this may reflect normal seasonal respiration activity or
the late July—early August low temperatures of air and surface soil;
the soil froze by August 4 (Laursen, 1976).

In this habitat, the driest of those studied, the impact of oil on
root respiration could be seen within 24 hr after application, and the
degree of impact was directly proportional to the level of applica-
tion. The seasonal trend in respiration for the oil-treated roots is
similar to that for control roots. At the last sample date, there was
no significant difference between root respiration of the control and
that of the samples treated with 5 liters/m2 of oil.

Even though oil treatment did not completely stop root
respiration in L. confusa over the course of the summer, it did alter
the overall oxidative metabolism of the roots. Control roots had
mean seasonal respiratory quotients (RQ) of 0.98 (0.12); this is
indicative of general carbohydrate catabolism (White, Handler, and
Smith, 1973). The RQ values for oil-treated roots were significantly
different; the RQ value for roots treated at 5 liters/m2 was 0.60 ±
0.17, and that for roots treated at 12 liters/m2 was 0.57 ± 0.14 at
the first sample period. Values remained at these levels throughout
the season. Values in this range are normally considered representa-
tive of oxidative metabolism of triglycerides, but in the oil-perturbed
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1
July 2

2 3
July 15 July 29

SAMPLE AND DATE

4
Aug. 12

Fig. 1 Respiration of Lesula confusa roots extracted from soil cores
of high-center polygon control (o o) and oil-treated (• • ,
5 liters/m i, 12 liters/m ) plots, Barrow, Alaska.

roots, with their decreases in respiration, these RQ values probably
indicated oil-related disruption to the oxidative metabolic pathways.

The rapid impact of oil on overall root respiration and oxidative
metabolism parallels the movement of oil into the high-center
polygon soil. Atlas and Sexton (1976) showed by chromatographic
analysis of soil that many components of Prudhoe crude oil percolate
down to the 6-cm level within the first 24 hr after surface
application. The composition of the oil changed during the course of
the summer because of physical, chemical, and probably biological
degradation, but there was no associated shift in RQ or increase in
respiration, nor were there signs of any revegetation during the
summer.

In the low-center polygon rim and trough systems, with their
higher soil moisture content, the effect of oil on the roots was less
clearly defined. The trough fystem had 3 to 5 cm of water in the
trough when the oil was applied. There seemed to be no significant
effect on the roots of D. fisherii at treatment levels of either 5 or 12
liters/m2 after the first 24 hr (Fig. 2). This lack of oil impact was
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July 2
2 3

July 15 July 29
SAMPLE AND DATE

4
Aug. 12

Fig. 2 Respiration of Dupontia fisherii roots extracted from soil
cores of low-center polygon control (O o) and oil-treated
(• •, 5 liters/m
Barrow, Alaska.

12 liters/m ) trough plots,

also reflected by the RQ values. Roots from the control plots had a
mean seasonal value of 0.95 ± 0.09. Roots from the sample plots
examined within 24 hr after oil application at levels of 5 and 12
liters/m2 had RQ values of 0.94 + 0.06 and 0.95 ± 0.08, respectively.

During the summer, as the trough system dried and the amount
of water in the soil decreased (Everett, 1976a; 1976b), respiration of
roots in the control plots increased, but that of roots in the
oil-treated plots showed significant levels of depression continuing
throughout the season (Fig. 2). The depression in respiration was
paralleled by a depression in RQ values. From the second sampling
date throughout the seasoi,, the mean seasonal RQ values for roots
from either oil-treatment plot was 0.062 ± 0.17. Fractions of the
crude oil were also percolating into the top 6 cm of soil at this time,
although in a more erratic manner than that noted in the high-center
plots (Atlas, 1976).

Respiration in the roots of D. fisherii in the low-center trough
system treated with 5 liters/m2 of oil followed the same pattern as
that in roots in the plot treated with 12 liters/m2 until the final
sample date, when they showed a significant increase in respiration
(Fig. 2). This could represent a sampling of roots that were not
directly exposed to oil during the summer or a recovery trend from
previous oil-related peturbation. The RQ data for these roots, 0.55 ±
0.10, do not support either of these possibilities, however, nor does
the lack of any visible shoot regrowth or development. The increase
could represent initial recovery and adaptation to oil-impregnated
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soil, such as Linkins (1976a; unpublished data) has shown for C.
aquatalis growing in oil-impregnated soils.

Roots of C. aquatalis from the low-center polygon rim system,
soils of intermediate moisture content (Everett, 1976a; 1976h),
showed no depression in respiration within 24 hr after treatment
with 5 or 12 liters/m2 of oil (Fig. 3$. Only roots from the
12-liters/m2 treatment plot showed significant depression in respira-
tion during the remainder of the season. Roots from the plot treated
at 5 liters/m2 showed depression in respiration only at the terminal
sampling date.

~ 15

55 =

O
O s
a. 1

Julv 2
2 3

July 15 Ji.ly 29

SAMPLE AND DATE

4
Aug. \7

Fig. 3 Respiration of Carex
cores of low-center control (
liters/m2; I

aquutalis roots extracted from soil
o) and oil-treated (• • , 5

• , 12 liters/m ) rim plots, Barrow, Alaska.

The mean seasonal RQ value for roots from the control rim plots
was 0.99 ± 0.07. Roots from plots treated at 12 liters/m2 had a
seasonal mean value of 0.58 ± 0.13 from the second sample date until
the end of the season, and roots from plots treated at 5 liters/m2 had
a mean seasonal value of 0.63 ± 0.07 over the same period of time.

By the second sampling date, certain fractions of the crude oil
were present in the top 6 cm of the rim soil (Atlas, 1976). But, as in
the trough soils, percolation through the soil was erratic, and the
components of oil present in the soil layers were different from those
present in the high-center systems.

The complex percolation and fractionation patterns of oil in the
wetter rim and trough soils, coupled with delayed but significant
effects on root respiration and oxidative metabolism, support the
concept that oil has a complex and varied effect on the roots' cellular
and metabolic integrity. The recorded changes in respiration or
respiratory quotients (or both) at different times of the season
support this conclusion.
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Regardless of when the oil interacted with the different plain
roots or to what degree, respiration data suggest that none of the
roots were completely killed. Deneke et al. (1975), studying the
same Barrow tundra, reported significant killing of the aboveground
biomas of tundra herbaceous plants during the summer after a
spring oil application, as did Linkins (1976a; unpublished data).
Deneke and coworkers noted that there was no vegetative regrowth
the following season in plots receiving treatments of 12 liters/m2 or
greater. These findings, considered together with our results (Figs. 1
to 3), suggest that oil-perturbed roots may be less capable of
tolerating the arctic winter. This loss of ability to overwinter could
be caused either by inadequate accumulation of storage material
through loss of photosynthesis or altered oxidative metabolism or by
loss of cold hardiness. Both factors are probably involved, but loss of
cold hardiness is likely to be a significant contributing factor in
oil-perturbed plants.

Raison (1973) showed that a major factor in a plant's cold
hardiness is its membrane composition. Plants adapted to cold or
frost-prone environments have shorter-chain cr more-unsaturated
fatty acid groups in their membrane phospholipids. Plants with this
membrane composition, which these arctic plants should have, would
be more susceptible to oil perturbation because the short-chain ,
unsaturated fatty acids, would be readily soluble in crude oil.

To test the possibility of oil's affecting cold hardiness, we
evaluated respiration of fungal- or nonfungal-associated roots of C.
aquatalis and D. fisherii at 1, 10, and 20°C in the presence of crude
oil. Results of these experiments are shown in Table 1. In all cases
respiration of sample plants was significantly reduced below that of
controls at 1CC, but at 20° C differences in respiration values between
oil-treated and control plants were much less. The fungal-associated
roots showed a greater sensitivity to oil at lower temperatures than
the nonfungal-associated roots. Which component of this association,
the fungus or root, is the most sensitive to oil at the different
temperatures is not yet known.

This greater reduction in respiration of oil-treated roots at 1°C
supports the hypothesis that cold hardiness in these roots is reduced
because of changes in root membrane composition. The rapidity
(e.g., 20 to 30 min) with which oil caused the much larger decreases
in respiration at 1°C than at 20°C is further support of altered
membrane composition as a component of oil-associated root
perturbation.

Loss of membrane integrity would have a profound effect on the
organism and its environment. With the loss of overwintering ability,
the viable biomass necessary to revegetate in the spring would be
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TABLE 1

RESPIRATION RATES* OF FUNGAL- AND NONFUNGAL-
ASSOCIATED ROOTS OF Dupontia fisherii AND

Carex aquaialis AS AFFECTED BY THE ADDITION
OF FRESH CRUDE OIL AT DIFFERENT TEMPERATURES,

BARROW, ALASKA

Temperature,
°C

10
20

1

10
20

1

Fungal-associated roots

Control

45 (1.4)
160% I
28% D

55(2.0)
195% I
27% D

Oil treated

Dupontia fisherii

15(0.2)
156% I
65% D

Carex aquaialis

22(0.5)
175% I
62% D

Nonfungal-associated roots

Control

50 (2.0)
190% I
34% D

75(2.5)
180% I
35% D

Oil treated

20 (1.0)
178% I
50% D

50(2.0)
179% I
50% D

*Microliters O2 consumed per hour per gram fresh weight.
Abbreviations are I, increase, and D, decrease. Values in parentheses are
standard deviations.

lost, as has been noted by Deneke et al. (1975) and Linkins
(unpublished data). Membrane perturbation would also severely
disrupt the mineral transport systems of the roots. In addition, there
would probably be significant leakage of minerals from the roots.
Data on mineral fluxes in soils surrounding the roots we studied
suggest that this is occurring (Everett, 1976a; 1976b).

The greater losses in respiration in the mycorrhizal-like fungal-
associated roots suggest even greater losses in mineral uptake to these
tundra plants because the fungi probably serve to increase mineral
uptake to the plant from the mineral-poor tundra soils. The greater
losses in respiration at 1 and 10°C could reflect potential losses in
fungal-derived minerals to the plant during the prephotosynthetic
spring period when soil fungal activity is normally high (Laursen,
1975).

Altered dynamics of mineral and nutrition turnover in the soils
would be further compounded by changes in the microbial communi-
ties in the soils, especially those involved in decomposition. The
work of Atlas and Sexton (1976) and Laursen and Miller (1976)
showed that there are significant changes in the numbers of
organisms, and presumably in the composition, of the bacterial and



600 LINKINS, ANTIBUS, MILLER, AND LAURSEN

fungal communities in oil-perturbed soils. To assess the impact of oil
on decomposition in these soils, we determined soluble cellulase
activity during the summer after the July 1 oil spill previously
described.

The impact of oil on cellulase activity extracted from the soil was
minimal. When cellulase was extracted from unperturbed tundra soil ;, !
with either sterile tundra water (pH 5.6) or 24 mM phosphate buffer j J
(pH 5.6), loss of enzyme activity over a 5-day period of 6°C was only j
10 ± 0.24%. If crude oil was added to the extracted enzyme, the loss , j
of activity was 12.5 ± 0.30%. There was no increased loss of activity f.\
for oil exposures at 0°C for 24 days or at 10 to 20°C for 36 hr. : ]

Analysis of the activity of cellulase extracted from soils of j
control and oil-treated plots is shown in Fig. 4. The activity of Qj
soluble cellulase from the high-center polygon plots (Fig. 4a), the | |
driest habitat studied, was significantly depressed within 24 hr after ;
application of either 5 or 12 liters/m2 of crude oil. This significant j
depression continued throughout the season for the plots treated j
with 12 liters/m2, but the plots receiving the lower level treatment
did not show significant depression in the latter part of the season.
Actually cellulase activities began to show signs of recovery at the
end of the season.

The activity of soluble cellulase from the low-center trough plots
showed very little perturbation by oil (Fig. 4b). Distinct differences
among control and treatment plots appeared only at the terminal
sampling period. This minimal impact of oil on soluble cellulase
activity indicates the bound nature of cellulases in aquatic systems
(W. H. Miele, Virginia Polytechnic Institute and State University, and
Linkins, unpublished data), which minimizes soluble levels of
cellulase, or the effect of water in isolating the toxic components of
the oil from the decomposing organisms.

Soluble cellulase from the low-center rim plots show depression
in enzyme activity within 24 hr after oil application at levels of
either 5 or 12 liters/m2 (Fig. 4c). Enzyme levels from the 5-liters/m2

plots showed a rapid and large increase by the second sampling
period and then followed the trend of enzyme activity in the control
plots. Cellulase in the 12-liters/m2 treatment plots showed similar
trends but always remained significantly less active than in the
control plots.

The difference between the stability of soluble cellulase to oil
applied to the extracted enzyme or to the enzyme in the soil is not
yet resolved. The enzyme's apparent change in stability could be
caused by a change in localization in the soil from the soluble
compartment, by metabolism of the enzyme by invading microbes,
or by some direct oil-related inactivation. It is apparent, however,
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that oil in tundra soils alters the decomposition of plant material.
The lowered levels of cellulase activity in the high-center and
low-center rim polygon systems probably reflects a long-term
reduction in cellulose decomposition since cellulase activity was
extremely low or nonexistent in tundra soils naturally impregnated
by oil or 5 years after artificial oil treatments (Linkins, 1976b).

CONCLUSIONS

The mechanism of oil perturbation to certain biological com-
ponents of the coastal arctic tundra is complex. Numerous compo-
nents of oi] must be involved, but which ones and when depend on
the soil type and its moisture content. Although soil contact with
various components of oil causes significant reduction in certain
biological activities, it does not seem to eliminate activity immedi-
ately during the summer after a springtime application of oil to the
soil surface. The resultant reductions, modifications, and changes in
biological activity and communities, however, have a significant
impact on the compartmentation and rate of nutrient and mineral
turnover in oil-impregnated soils.
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PATTERNS OF POTASSIUM, MAGNESIUM,
AND CALCIUM UPTAKE DURING SOUTHEASTERN
OLD-FIELD SUCCESSION

BRUCE HAINES
Department of Botany, University of Georgia, Athens, Georgia

ABSTRACT

The patterns of polsssium, magnesium, and calcium uptake from applied
nutrient solutions were evaluated in two old fields, a pine stand, and a hardwood
stand to test the hypothesis that plant communities become more efficient at
trapping and holding nutrients during succession. Nutrient uptake by roots was
estimated to be the difference between nutrient concentrations in soil water
collected by lysimeters in each plot from rooted and root-free soil volumes. The
uptake of potassium was evaluated for 24 sampling periods during three
summers, and calcium and magnesium uptake was evaluated for 15 periods
during two summers. Results suggested patterns of decreasing uptake of applied
potassium, magnesium, and calcium with succession which appeared unrelated to
lysimeter sampling geometry or to patterns of net production or root density.
Rates of potassium, magnesium, and calcium recycling in litterfall appeared to
increase with succession. The nutrient-transport mechanism in roots may
become saturated at lower nutrient concentrations in the more mature stages
than in the earlier successional stages. The paradox of decreased uptake of
applied nutrients but increased cycling in litterfall during succession points to
the need to interpret rates of nutrient uptake by roots in relation to ambient
soil-solution nutrient concentrations. The hypothesis that nutrient cycling
tightens during succession appears to be more adequately testable by use of
Finn's cycling index than by further studies with applied nutrient solutions.

Many changes occur in ecosystem structure and function during
succession. One of the hypothesized changes (Odum, 1969) is that
nutrient cycles "tighten" during succession. This results from the
increased capacity of an ecosystem to "entrap and hold nutrients for
cycling within the system" during subsequent developmental stages.
The partitioning of elements between biotic and abiotic phases of the
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system must change as the biomass increases during succession hoi:.
abandoned old fields to forest. It is less certain, however, that
successional stands have an increasing capacity to entrap and hold
nutrients entering the system or that nutrient cycling tightens.
Although the idea of tightening is supported by several lines of
indirect evidence and is of significance to ecosystem managers
concerned with waste-water renovation, it has not been investigated
directly. In this preliminary study, Odum's idea that tightening
occurs was translated into the more testable hypothesis that roots in
succeeding stages become more efficient at taking up nutrients. This
was tested by measuring the uptake by roots of potassium,
magnesium, calcium, and phosphorus applied to the soil surface in
each of five stands in a field-to-forest succession. Patterns of nitrogen
uptake in the same succession are reported by Haines (1977).

METHODS

Five stands approximating a successional sequence, all on the
same sandy Dothan and Norfolk soils (Aydelott and Green, 1971)
and within 100 m of each other, were selected for study at the
Savannah River Plant, Aiken, S. C. They were:

'Old field 1. Andropogon, Leptoloma, and Lespedeza dominate
this field, which was last planted to corn in 1970.

Old field 2. Last cropped in about 1952, it was dominated by
Heterotheca, Androiogon, and Lespedeza, with a few Pinuspaiustris
Miller.

Shrub. Dominated by Rhus, Sassafras, and P. paiustris saplings,
this stand comprised a corner of old field 2.

Pine. P. paiustris was planted here in about 1952. The understory
is comprised of seedlings and saplings of Quercus, Carya, and Prunus.

Hardwood. The stand is dominated by Quercus nigra L., with
some Q. phellos L., P. paiustris, and P. echinata Miller present, along
with a Vaccinium understory. The history of disturbance is un-
known.

Tension lysimeters were installed at a depth of 15 cm in each of
the five successional stands beneath rooted and root-free soil
volumes. The difference between the nutrient concentrations in
water collected beneath the rooted and root-free soil volumes in each
stand provided an estimate of nutrient uptake by roots. This uptake
estimate is independent of nutrient uptake by the exchange
capacities of the soil and of the ceramic lysimeter plate.

Lysimeter construction and placement and nutrient solutions are
described by Haines (1S77). In each stand solutions were simul-

Liz
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taneously applied above each lysimeter with a pressurized spraying
system.

Water samples were collected about 24 hr after nutrient applica-
tion. Concentrations of phosphorus were determined colorimetrically
according to the method of Strickland and Parsons (1968). Potas-
sium, magnesium, and calcium were determined by atomic absorp-
tion in presence of lanthanum (Parker, 1972). The magnesium and
calcium concentrations in samples for 1973 and 1974 were deter-
mined by a plasma emission spectrograph. As uptake patterns of
applied nutrients emerged, efforts to account for them focused on
studies of minimum net production, cation carrier saturation in
roots, ion exchange capacities of soils, lysimeter depth, and root
density.

Minimum annual net production was estimated from the litterfall
data of Haines (1977) and the production data of Odum (1960). The
minimum annual nutrient uptake in each type of vegetation is
assumed to equal or exceed the annual return of nutrients to the soil
surface in litter. Leaf-litter nutrient content was determined by the
Soil Testing and Plant Analysis Laboratory, Cooperative Extension
Service, Athens, Ga. Tissue samples were dry-ashed, and element
concentrations were determined with a spark emission spectrograph.
Element recycling in through fall rainwater has yet to be measured.

The possibility that the cation carriers of roots in different
successional stands exhibit different kinetics or become nutrient
saturated at different concentrations was investigated by rearranging
all nutrient-uptake data from the field studies into plots of relative
nutrient-uptake velocity vs. soil-solution nutrient concentration.

Cation exchange capacity was estimated by summing exchangeable
potassium, calcium, magnesium, and sodium plus exchangeable
hydrogen. Exchangeable bases were determined by extraction with
0.025AT H2SO4 + 0.05JV HC1 (Nelson, Mehlich, and Winters, 1953)
and atomic absorption spectrophotometry using 1% lanthanum
where appropriate. Exchangeable hydrogen was determined with
lime buffer (Adams and Evans, 1962). Percent base saturation of the
exchange sites was then calculated, and soil pH was measured in
water 1 hr after equal volumes of soil and distilled water were mixed
(Peech, 1965, p. 922). The percent organic matter was estimated by
weight loss after ignition at 550°C for 6 hr.

The possibility that the first lysimeters, placed at 15 cm beneath
the soil surface, were insufficiently deep to determine nutrient-
uptake patterns by roots was investigated. Three additional lysime-
ters were placed at 76 cm, or five times as deep as the previous ones
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in old field 2 and the pine and hardwood stands. A hardpan at about
30 cm precluded installation of deep lysimeters in old field 1.

Roots screened from the 30.5-cm-diameter by 15-cm-deep soil
cores during the creation of the root-free soil volumes for the
lysimeters were retained for use in estimating root density. Roots
were dry sifted from sand in the field on 1-mm-mesh screen, washed
with water on a 2-mm-mesh screen, sorted into diameter classes, and
dried to a constant weight at 70°C.

RESULTS AND DISCUSSION

Relative potassium, magnesium, and calcium uptake by roots
from 4-liter applications of Beyers solution in summer 1971 is shown
in Figs. l(a), 2(a), and 3(a), respectively. Uptake was estimated as
the differences between concentrations in water collected beneath
two rooted and two root-free soil volumes and averaged for three
application dates in each of the four successional stands.

Nutrient uptake in summer 1972 is shown for three nutrient
addition regimes in Figs. 1, 2, and 3, parts (b), (c), and (d).
Applications were 4 liters of 1/200 strength Hoagland solution each
day on days 1 to 5, 2 liters each day on days 6 to 10, and 2 liters of
1/20 strength solution each day on days 11 and 12. Within each
nutrient addition and collection regime, data from each lysimeter
were averaged over the number of application days (5, 5, or 2).
Nutrient uptake was estimated as the difference between the average
nutrient concentration in samples from beneath the three rooted and
the two root-free soil volumes. With effective sample sizes of three
and two and with unequal variances, standard errors for average
uptake were calculated as [(sj/nj) + (s2/n2)] (Sokal and Rohlf,
1969). For potassium, magnesium, and calcium, two of the three
data sets showed decreasing element uptake with successional
development. This trend is most marked in the case of calcium.
Phosphorus (Fig. 4) showed a net loss in the early stages, which
shifted to a slight uptake with successional development. The trend
for phosphorus, which, although determined from the same water
samples, is opposite to trends for potassium, magnesium, and
calcium, suggests that the patterns of potassium, magnesium, and
calcium uptake are not artifacts of the sampling geometry of
lysimeters but are caused by biological and chemical processes in the
soil—root system.

Potassium uptake in the summer 1973 was determined by
applying 2 liters of Hoagland solution at differing strengths for
three-day periods. Average relative uptake rates (±standard error)
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Fig. 1 Relative uptake or loss of applied potassium by five stands in
old-field-to-forest successional sequence. Abbreviations are OF1, old field 1;
OF2, old field 2; S, shrub; P, pine; and H, hardwood. A, root-free soil; A, rooted
soil; • , root-free minus rooted soil. Vertical bars are standard errors for
differences between means, (a) 1971, days 1 to 3; 75 mg/liter of potassium
applied, (b) 1972, days 1 to 5, 1.7 mg/liter of potassium applied, (c) 1972, days
11 and 12, 30 mg/liter of potassium applied. (d)1972, days 6 to 10, 1.7 mg/liter
of potassium applied, (e) Relative uptake velocity (per lysimeter per day) vs.
concentration for root networks in four successional vegetations. Initial slopes of
relative uptake velocity (v) vs. concentration (c) and sample size (n) are: OF1
(o), v = —1.1 + 0.8c, n = 1 2 ; OF2 (•), v = 0.16 + 0.59c, n = 15; P (•),
v = —0.2 + 0.5c, n = 14;and H (0), v = 0.4 + 0.24c, n = 15.
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Fig. 2 Relative uptake or loss of applied magnesium by five stands in an
old-field-to-forest successional sequence. See Fig. 1 for terminology. Concen-
trations of magnesium applied were 38, 1.4, 8.0, and 1.4 mg/Iiter in (a) to (d),
respectively, (e) Initial rlopes of relative uptake velocity (v) vs. concentration (c)
and sample size (n) are: OF1 (o), v =—0.1 + 0.89c, n = 1 2 ; OF2 (•),
v = — 0.13 + 0.26c, n = 1 5 ; P (u), v =—0.7 + 0.44c, n = 15; and H (0),
v = —0.5 + 0.14c, n = 15.
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Pig. 3 Relative uptake or loss of applied calcium by five stands in an
old-field-to-forest succession. See Fig. 1 for terminology. Concentrations of
calcium applied were 100, 1.5, 17, and 1.5 mg/liter in parts (a) to (d),
respectively, (e) Initiai slopes of relative uptake velocity (v) vs. concentration (c)
and sample size (n) are: 0 F 1 {<>), v =—1.0 + 1.01c, n = 1 2 ; OF2 (B),
v = 0.33 + 0.27c, n = 1 3 ; P (a), v = - 0 . 1 2 + 0.4c, n = 13; and H (0),
v = 0.9 + 0.19c, n = 8.
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OF1 0P2 P H 0F1 OF2 P H OF1 OF2 P H

Fig. 4 Uptake and loss of PO4—P estimated by difference (•) between
concentrations in water collected beneath rooted (A) and root-free (o) soil
volumes in four successional vegetation *ypes. (a) 1972, days 1 to 5, 0.07
mg/liter of phosphorus added, (b) 1972, days 6 to 10, 0.08 mg/liter of
phosphorus added, (c) 1972, days 11 and 12, 1.62 mg/liter of nutrients added.

after potassium was applied at 0.24 ppm on days 1 to 3 were: old
field 1, 0.58 ± 0.96 mg lysimeter"1 day"1; old field 2, 0.16 ± 0.16
mg lysimeter"1 day"1; pine, 0.18 + 0.02 mg lysimeter"1 day"1; and
hardwood, 1.5 ± 0.36 mg lysimeter"1 day"1. During days 4 to 6,
when potassium was applied at 2.4 ppm, the average rates of uptake
were: old field 1, 3.6 ± 0.94; old field 2, 0.3 + 0.04; pine, 0.3 ± 0.11;
and hardwood, 1.9 ± 0.22. For days 7 to 9, when potassium was
applied at 10 ppm, the values were: old field 1, 6.7 ±0.61; old
field 2, 2.1 ± 0.63; pine, 1.3 ± 0.45; and hardwood, 2.8 ± 1.16. After
application of the intermediate-strength and highost-strength nutrient
solution, uptake by roots showed a net trend of decreasing uptake
along the developmental gradient.

Five alternative explanations for decreasing uptake of potassium,
magnesium, and calcium with succession seem possible and are not
necessarily mutually exclusive.

1. Stand saturation. Since net community production is usually
thought to decrease during succession (Odum, 1969), stands could
become nutrient .aturated as the net production demand for new
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nutrients decreased. Saturation of stands has been advanced as an
explanation for the cheater losses of K, Mg, Ca, Cl, Na, and NO3

from mature, unlogged watersheds than from successional watersheds
at Mt. Moosilaukie, N. H. (Vitousek and Reiners, 1975). Similar
patterns in NO3 loss in relation to succession are reported from other
sites in New Hampshire (Leak and Martin, 1975).

In my study, if progressive saturation occurred, the uptake of
applied nutrients might decline with succession. The minimum net
production (Table 1) increases with succession in this particular
sequence. The net nutrient requirement of the minimum net
production estimated from nutrient flow in the leaf litter (Table 1) is
highest in the hardwood stand. The magnesium and calcium
requirements increase in successional order. Similar results are
reported f-om the Piedmont of North Carolina, where annual cycling
rates of nitrogen, potassium, calcium, and magnesium in litterfall,
throughfall, and stemflow were greater in a hardwood stand than in a
pine stand (Wells, Whigham, and Lieth, 1972). In my study patterns
of decreasing uptake by roots of applied nutrients are not readily
explained in terms of nutrient saturation of the stands.

2. Carrier saturation. Cation carriers in the roots of successional
species may become saturated at successively lower nutrient concen-
trations whether or not the stands are nutrient saturated. Plots of
relative uptake rates of potassium, magnesium, and calcium by roots
vs. their concentrations in the soil solution (estimated from data
from lysimeters in the root-free soil) are shown in Figs. l(e), 2(e),
and 3(e). Relative rates at concentrations less than 2 mg/liter, which
largely determine the slopes, could not be plotted. The initial uptake
velocity for each element is highest in old field 1 and lowest in the
hardwood stand. Uptake velocities in old field 2 and the pine stand
are in successional order for potassium but are reversed for
magnesium and calcium. Some of the data, especially the uptake of
calcium in the pine and hardwood stands, suggest decreasing rates of
uptake with increasing concentrations or saturation kinetics. The
Michaelis model, which relates the velocity of an enzyme-catalyzed
reaction to substrate concentration, has proven useful in studies of
active ion transport into vascular plants (Epstein, 1972; Fried and
Broeshart, 1967) and into algae (Dugdale, 1967; Eppley, Rogers, and
McCarthy, 1969). The Michaelis half-saturation constant, Km, is the
ion concentration at which half the maximum uptake rate occurs.
Decreased nutrient uptake during succession may possibly result
from the decrease in Km values for the roots of the constituent
species along the successional gradient. Efforts to extract K,,, values
for each element using Cleland's (1967) curve-fitting program were



TABLE 1

ESTIMATED MINIMUM MEAN WET PRODUCTION AND MINIMUM MEAN ELEMENT FLUXES
FOR THREE SUCCESSIONAL STAGES,* SAVANNAH RIVER PLANT, S. C.

Minimum nutrient flux

Production (method of estimation), . . . . Minimum net return to soil
g m-a year1 Minimum s u r r W a g | & a f , i U c r

H^nTni; Z ^ r 7 ^ " productTon, Nutrient content, % of dry weight g m z y.ar ' I

Successional stage harvest trap trap g m"3 year ' P K Mg Ca P K Mg Ca =

Old field, n = 4 W
Second and third year

(Odum, I960) 331 and 282 306 0.16 ± 0.02 0.23 ± 0.06 0.04 ± 0.03 0.25 ± 0.07 0.48 0.703 0.122 U.76
Piup stand, n = 3

(Haines. 1977) 708 + 125 19+ 2.2 727 0.10 ±0.005 0.09 ± 0 0.03 ± 0 0 39 ±0.06 0.70 0.63 0.212 2.76
Hardwood staiui, n = 3

(Maine*. 1977) 542 ±66 85 ± 13 627 0.13 ± 0.01 0.19 ± 0.04 0.12 ± 0.01 0.91 ± 0.13 0.70 1.02 0.65 1.93

*Plus or minus standard deviation.

n ~ ' " " - . . I - • - •- ^ - . - • - : . . - : • - - f l , . - • . . . . • • • . . • • • . , . . , . • • : • • • • - • ; • - • • . •• •
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unsuccessful, possibly because the data are too crude or because the
model is inappropriate. This merits laboratory investigation.

3. Ion exchange. The cation exchange properties of the soil might
change so that the cation exchange capacity increased and/or the
base saturation decreased with succession, with the result that more
of the applied nutrients were taken up on exchange sites in the soil.
Ion exchange capacities (Table 2) increased slightly with succession,
and the percent base saturation decreased with succession. Increased
exchange capacity is probably a result of increased organic matter.
The decrease in base saturation is most closely related to decreasing
amounts of exchangeable calcium, which is replaced by H+. Among
the old fields and forests, both the percent base saturation and the
calcium decrease by a factor of 3, but the quantities of exchangeable
potassium, magnesium, and sodium change very little. This pattern of
decreasing exchangeable calcium is consistent with evidence in Fig. 3
that progressively more of the applied calcium goes into exchange
sites in the soil in each succeeding developmental stage. Decreasing
uptake of applied calcium by roots along the successional gradient
may be explained by the fact that progressively more of the calcium
is absorbed to exchange sites. Exchange phenomena do not seem
likely to account for patterns of decreasing potassium and mag-
nesium uptake.

4. Lysimeter depth. The concentrations of potassium, mag-
nesium, and calcium in water collected with lysimeters at 76-cm
depths are shown for different sampling intervals in Table 3. If at the
76-cm depth the water fluxes are the same in the three types of
vegetation, the flux of potassium and magnesium at that depth is
least in the old field and greatest in the hardwood stand. Uptake by
roots of potassium and magnesium from applied solutions within the
upper 15 cm of soil (Figs. 1 and 2) and the loss of "natural"
potassium from the upper 76 cm of soil (Table 3) consistently show
that uptake of potassium and magnesium decreases with succession.
In contrast, calcium is most concentrated in percolates from beneath
the old field, less concentrated beneath the hardwood stand, and
least concentrated beneath the pine stand. This pattern is consistent
with the previous suggestion that progressively more of the applied
calcium goes into exchange sites in the forest stands than in the old
field stands (Fig. 3).

5. Root density. Mean root dry weights (± standard deviation)
from the triplicate 30.5-cm-diameter by 15-cm-deep soil cores in the
0.0- to 1.9-mm-diameter classes were: old field 1, 5.4 ± 2.4 g; old
field 2, 26.8 ± 10.4 g; pine, 12.2 ±1.7 g;and hardwood, 36.2 ± 7.1 g.
Using the Statistical Analysis System programs (Service, 1972), it was
determined by analysis of variance that differences among vegeta-



TABLE 2

PROPERTIES OF UPPER 15 CM OF SOIL IN FOUR SUCCESSIONAL STANDS

Successional
stands

Old field 1
Old field 2
Pine
Hardwood

K

0.03
0.02
0.02
0.02

Exchangeable nutrient
(n = 3), meq/lOOg

Ca

0.18
0.24
0.07
0.08

Mg

0.05
0.05
0.03
0.04

Na

0.02
0.02
0.02
0.03

H

2.0
2.5
3.2
3.7

Exchange capacity*
(n = 3), meq/lOOg

2.31 ±0.34
2.85 + 0.22
3.33 ±0.38
3.91 ±0.19

% Base
saturation

12.6
11.4
4.3
4.4

% Organic
matter

1.54
1.53
1.61
1.66

pH

4.9
4.9
4.6
4.5

Z
m

*Plus or minus standard deviation.
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TABLE 3

AVERAGE ELEMENT CONCENTRATIONS IN WATER
COLLECTED AT 76-cm DEPTHS WITH THREE LYSIMETERS

BENEATH THREE TYPES OF SUCCESSIONAL VEGETATION*

Sampling
interval

Feb.—July
July—Aug.
Aug.—Oct.
Oct.—Jan.
Jan.—Oct.
Overall

average

K

0.07
0.14
0.36
0.33

0.22

Average element concentration,

Old field

Mg

0.55
0.62
1.14
1.32
1.30

0.986

Ca

1.58
1.17
1.57
1.87
1.80

1.59

K

0.18
0.39
0.31

0.29

Pine

Mg

0.41
0.83
1.25

1.76

1.06

Ca

1.10
0.53
0.79

1.31

0.93

mg/liter

Hardwood

K

0.16
0.72
0.68
0.69

0.56

Mg

0.50
1.12
2.00
2.32
1.66

1.52

Ca

0.86
1.21
1.04
1.35
1.15

1.12

•Probabilities that differences in element concentrations among the vegeta-
tion types occurred by chance alone were <0.009, <0.0006, and <0.001, and
the probabilities that differences occurred at sampling intervals were <0.03,
<0.0001, and <0.01, as determined by analysis of variance.

tions could occur by chance alone with a probability (P) of < 0.002
and that the least significant difference (LSD) among means at
P < 0.05 was 12.2. For roots in the 2.0- to 4.9-mm-diameter classes,
the dry weights were: old field 1,0.0 ± 0.0 g; old field 2, 2.4 + 1.7 g;
pine, 6.0 ± 0.9 g; and hardwood, 12.4 ± 4.7 g, where P = < 0.002 and
LSD = 4.8. Similar patterns were found in fresh weights of roots in
September 1973 (not given). Mean weights of roots wet (1973) or
dry (1974) in the 0- to 2.0-mm-diameter class were significantly
greater in the hardwood stand than in old field 1. The amounts of 0-
to 2-mm roots were significantly greater in both years in old field 2
than in the pine plantation. The total dry weight quantities of roots
(0.0 to >10 mm in diameter) were: old field 1, 7.7 g; old field 2,
29.1 g; pine, 30.5 g; and hardwood, 61.9 g. Differences in nutrient
uptake by the successional stands do not appear to be related to the
total quantities of roots or to the amount of fine roots (2 mm in
diameter and smaller) occurring in each stand. This is not surprising
since these measures of weight, even when partitioned into diameter
classes, do not account for the surface areas of both root hairs and
mycorrhizal fungi, which are important in nutrient uptake (Epstein,
1972).

The hypothesis under investigation, namely, that the root
networks of successional stands are equally efficient at trapping
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applied nutrients, appears invalid. Instead, progressively less appli<'<' «<,••
nutrient is taken up by roots along the successional sequence. Efforts -4
to account for the pattern of decreasing uptake of applied nutrients
suggest that: (1) the pattern is not an artifact of lysimeter depth:
(2) stands taking up less applied nutrient showed greater losses of
naturally occurring potassium and magnesium; (3) in the pine and
hardwood stands, where there was less uptake of applied nutrients,
more nutrients are recycled in leaf litterfall; (4) the root networks of
the successional stages have different uptake kinetics so that the
more mature stages saturate at lower nutrient concentrations than
the young stages; (5) ion exchange in the soil is more important in
calcium cycling than in potassium and magnesium cycling; and
(6) the pattern is not related to root density.

Concentrations of nutrients applied in this study may have
exceeded those to which roots of plants in mature successional
stages are usually exposed. Thus nutrient-transport mechanisms in
roots may have become saturated, and much of the applied nutrients
may have passed through the rooted zone. At least two explanations
could account for the paradoxical discrepancy between possible
saturation of nutrient-transport mechanisms at lower nutrient con-
centrations in the forest stands and the greater rates of nutrient
cycling in the forest stands compared with those in the old fields.
First, the forest system may recycle a large fraction of nutrients
without a solution phase; thus nutrients in applied solutions are only
slightly retained. If the direct-nutrient-cycling hypothesis of Went
and Stark (1968) is as valid for temperate forests as it may be ior
tropical forests, nutrients could be transferred directly from litter to
roots without passing through a solution phase. Second, roots of the
tree species may have much higher initial nutrient uptake rates but
may saturate at much lower concentrations than roots of the early
successional stages. Such higher initial rates are not necessarily
inconsistent with present findings [Figs. l(e), 2(e), and 3(e)]; they
may have been hidden in the sampling noise and may require
laboratory studies for detection and characterization. Having higher
initial rates, the tree roots could contribute to higher rates of cycling
within the stand and at the same time keep the nutrient concentra-
tion in the soil solution lower than that in the earlier successional
stands. Just because the root networks of the more mature
successional stages may saturate at lower nutrient concentration does
not necessarily mean that these stages have less tight nutrient cycling.

Future efforts to test Odum's tightening hypothesis, instead of
measuring uptake of applied nutrients, should attempt either to
relate nutrient uptake by roots to ambient soil-solution nutrient

i

rl
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concentrations or to calculate Finn's cycling index for stands in a
succession.

Soil-solution nutrient concentrations and the nutrient-uptake
mechanisms of constituent species should change during succession.
During secondary succession, after destruction of the climax vegeta-
tion, nutrients are returned to the soil, thus increasing the size of the
inorganic nutrient pool. Relatively r-selected or weedy species that
exploit disturbed sites could be expected to exhibit relatively high
nutrient-uptake rates and high K,n values. Bormann et al. (1974)
suggested the existence of sets of species specifically adapted to
exploit nutrients solubilized by disturbance. Nutrient concentrations
in streams draining successional watersheds in New Hampshire
decreased until biomass accumulation ceased (Vitousek and Reiners,
1975; Leak and Martin, 1975). Changes in stream-water nutrient
concentration suggested changes in the nutrient concentration of the
soil solutions feeding the streams. As soil-solution nutrient concen-
trations change during succession, plant species may respond by
adjusting the mineral—nutrient-uptake mechanisms through evolu-
tion or acclimation. Crowley (1975) reviewed evidence that in many
biological systems the Km or half-saturation constants of enzyme-
mediated reactions or mineral—nutrient-uptake mechanisms can
adjust to ambient concentrations of the substrate on which the
mechanisms operate. He suggested that natural selection favors high
reaction rates [steep initial slopes in uptake vs. concentration plots;
e.g., see old field 1 in Figs. l(e), 2(e), and 3(e)] in some taxa and
high efficiency (less steep slopes, see hardwood in the same figures)
in other taxa. In more mature stands soluble nutrients might be less
concentrated and the Km values of species present would be lower,
indicating lower nutrient-uptake rates and high affinities for min-
eral—nutrient ions. The results of my study [Fig. l(e), 2(e), and
3(e)] are consistent with the ideas of Crowley (1975) and of
Bormann et al. (1974); this suggests the need to study nutrient-
uptake rates in relation to soil-solution nutrient concentrations in
each successional stand.

Odum's tightening hypothesis could also be tested with a cycling
index developed by Finn (1976), which is defined as the flow of
recycled nutrients in the system divided by the flow of nutrients
straight through the system. If no cycling occurs and all nutrients
flow through, the index will be zero. If all nutrients are recycled and
no nutrients flow through, the index will be infinite. If we determine
this index for each successional stand and if Odum's hypothesis is
correct, the cycling index should gradually increase with succession.
Determining the cycling index for each stand requires development
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of a detailed compartment model for the cycling of each element in ;
question.
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UPTAKE OF THREE ISOTOPES OF PLUTONIUM
FROM SOIL BY SWEET CORN GROWN
IN A GROWTH CHAMBER

L. W. HERSLOFF* and J. C. COREYf
*Savannah River Ecology Laboratory, Aiken, South Carolina, and
fSavannah River Laboratory, Aiken, South Carolina

ABSTRACT

The use of ! 3 ' P u as a tracer for I 3 ' P u and 2 3 ' Pu was studied in a plant—soil
system. Sandy clay—loam soil was spiked with ~240 pCi/g of 2 3 7 Pu, 14.3 pCi/g
of 2 3 8 Pu, and 33 pCi/g of 2 3 ' Pu in the form of Pu(NO3 )„. The uptake of these
three isotope:; of plutonium was measured in the standing vegttation of sweet
corn (Zea mays L. var. Silver Queen) after 30 and 50 days of growth. The mean
concentrations in the standing crop and the concentration ratios of each isotope
decreased from 30 to 50 days. There was an apparent differential availability of
the three isotopes: 2 3 7 P u was more available than 2 3 l fPu, which was more
available than 2 3 9 Pu. The quantity of 2 " P u in the standing crop, on a mass
basis, closely approximated that of 2 3" Pu for both sampling times. Factors
influencing these results are discussed.

Investigators have sought a gamma-emitting isotope of plutonium for
simulating 2 3 8 Pu and 2 3 9 Pu behavior in the environment because of
the high cost of sample preparation for detecting alpha particles. To
date, selected tracers for this purpose have not been satisfactory
(Cummings and Bankert, 1971; Cline, 1968); however, the avail-
ability of 2 3 7 Pu (Jenkins and Wain, 1971; Todd and Logan, 1968;
Fukai, 1974) has provided an additional tracer. Plutonium-237 has
been used to trace : 3 9 Pu in metabolic studies of distribution in and
excretion by dogs (Bair et al., 1974; Lloyd et al., 1976), rats (Smith
and Chapman, 1969), and mice (Smith, Chapman, and Marlow,
1969) and to determine the distribution coefficient of plutonium
between sediment and seawater (Duursma and Parsi, 1974). The
purpose of our experiment was to evaluate the suitability of2 3 7 Pu as
a tracer for ; ! 3 8Pu and 2 3 9 Pu in environmental systems. Using a
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plant—soil system, we compared the uptake by sweet corn of these
three isotopes of plutonium when they were added simultaneously to
soil in a nitrate solution.

METHODS AND MATERIALS

A frequently used method for converting plutonium to the
tetravalent stale is to add a ''valence adjuster," such as NaNO2, to
plutonium in HNO3 (Cleveland, 1970). In accordance with this
method, we mixed 16 ml of 1M HNO., containing 10 fid of *3 7Pu,
0.6 fid of 2 3 * Pu, and 1.3 juCi of 2 3 * Pu with 0.8 ml of 1M NaNO2 in
a centrifuge tube, heated the mixture in a water bath at 80°C for 30
min, and allowed it to stand for 20 hr. The solution was diluted to 2
liters with distilled water for spiking soil samples.

Norfolk sandy clay—loam soil was collected from a depth of 0 to
15 cm in an area northeast of the Savannah River Plant near Aiken,
S. C. Selected characteristics of the soil include: pH, 5.9; cation
exchange capacity, 12 meq/100 g; carbon, 1.5%; sand, 66%; silt, 6%;
and clay, 28%. The soil in this location contains fallout levels (fCi/g)
of plutonium (McLendon, 1975).

Soil samples were spiked using a modified form of the layering
technique described by Cummings et al. (1969). We mixed 2 ml of
the plutonium solution with 40 g of soil and placed uniform amounts
in each of 20 pots. This step was repeated until each pot contained
2 kg of soil spiked with 0.5 juCi of 2 3 7 Pu. 0.03 n Ci 2 3 8 Pu, and 0.066
f/Ci of 2 3 9 Pu. Counts of six 1-ml samples of the plutonium solution,
taken at intervals during the spiking procedure, indicated minimal
loss of plutonium from solution during the valence adjustment and
spiking. Resuspension of plutonium was prevented by adding 3 cm
of unspiked soil to the surface of each pot. Fertilizer was added to
the soil surface of each pot at a rate of 160—100—160 mg of
nitrogen, phosphorus, and potassium, respectively, in the form of
NH4 NO3, KNOj, and KH2 PCX,.

Two sweet corn seeds (Zea mays L. var. Silver Queen) were
planted in the unspiked soil layer. The pots were placed in a
controlled temperature chamber maintained at 30° C during the day
and 20° C at night, with a 12-hr photoperiod. Watering replaced
water losses from evapotranspiration. Thirty days after seedling
emergence, 10 pots were randomly harvested and sampled for
standing biomass and soil. The remaining 10 pots were sampled 50
days after seedling emergence.

The standing-crop samples were ashed at 500° C and then
counted directly using a dual Nal(Tl) detector counting system for
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2 3 7 Pu content. Ten oven-dried soil samples from each pot were
counted in the same manner. On the basis of 2 3 7 Pu content in the
soil samples, the coefficient of variation for plutonium distribution
within pots was estimated to be 33%. The standing biomass samples
were analyzed for 2 3 8 Pu and 2 3 9 Pu by alpha spectrometry following
the separation of plutonium by a solvent extraction procedure
(Butler, 1968). The concentrations of 2 3 8 Pu and 2 3 9 Pu in the soil
were determined using the results of the spiking solution samples and
the within-pot variation as determined for 2 3 7Pu.

Statistical comparisons reported here are on the basis of
logarithmic transformations using a Student's t-test.

RESULTS AND DISCUSSION

Table 1 provides a summary of the plutonium content in soil and
standing vegetation for the 30- and 50-day sampling periods. We can
see that the mean concentrations in the standing crop of all three
isotopes decreased significantly (p < 0.05) from 30 to 50 days. The
mean activity content of each isotope in the standing crop after 50
days was twice that after 30 days; however, the mean vegetation
biomass increased from 4.4 to 22.5 g between the two sampling
periods. The effect of time on the concentration of plutonium in
vegetation is considered to be a result of biological dilution. This

TABLE 1

SUMMARY OF SOIL AND STANDING-CROP DATA FOR
2 3 7 Pu, 2 3 8Pu, AND 2 3 9Pu

Time of
harvest,

days

30

50

Plutonium
isotope

" ' P u
23"Pu
2 ' ' Pu
n 7 P u
23"Pu
••"Pu

Soi
pC

237 i
14.3
32.2
246 i
14.8
33.4

1,*
i/g

t 78
± 4.7
± 10
! 81
i 4.9
± 11

Standing vegetation,*
pCi/g

1.7 i 0.4
(6.4 ± 2.3) x 10"3

(5.4 i 3.8) x 10"3

0.7 ±0.1
(2.2 ± 0.82) x 10 •'
(2.4 ± 0.72) x 10"3

CRf

7.2 ±
0.45
0.17
2.8 ±
0.15
0.072

3.7
± 0.16
t 0.11
0.5
± 0.056
! t 0.022

•Activities in soil and standing crops are corrected to time zero ± 1 standard
deviation per gram dry weight. Five samples were taken for the standing
vegetation.

d/g dry-weight vegetation
pCi/g dry-weight soiltConcentration ratio (CR)
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dilution is also reflected in a significant decrease in concentration
ratios (picocuries per gram of vegetation to picocuries per gram of
soil) of the three isotopes over time. Although this does not result in
order-of-magnitude differences, it is an important consideration
when comparing studies of plutonium uptake.

For both sampling times, the concentration ratios of 2 3 7 Pu were
significantly greater than those of 2 3 s Pu, which were greater than
2 3 9Pu (p < 0.05), Converting the values in Table 1 to a mass basis,
expressed in picograms (pg), we found that the ratio (pg 239Pu/gto
pg 2 3 8Pu/g) in the soils after 30 days of growth was 617; for the
vegetation the ratio was 244. The ratios of ' 3 8 Pu to 2 3 7 Pu for the
same time period were 42.5 and 2.6 for soil and vegetation,
respectively. The isotopic ratios in vegetation for plants grown for 50
days were 300 for 2 3 9 Pu to 2 3 8 Pu and 2.2 for 2 3 8 P u to 2 3 7 Pu.
These results indicate differences in availability between plutonium
isotopes. Similar variations in availability have been noted for 2 3 * Pu
and 2 3 9 Pu in environmental systems (Hanson, 1975; Little, 1976)
and in physiological systems (Hakonson, 1975). Speculation con-
cerning the mechanisms responsible for observed isotopic differences
include a chemical explanation related to chelation and variations in
physical properties, such as specific activity and energy of major
radiations.

The methods used in this experiment provided a thoroughly
mixed solution of the three isotopes. We determined, using an
ion-exchange technique, that ~95% of each isotope was in the
tetravalent state before the soil was spiked. Given the homogeneity
of plutonium in the spiking solution and simultaneous application of
the three isotopes to the soil, there is no basis in this experiment for
suspecting a chemical explanation for differential behavior of
plutonium. The most apparent physical differences between the
three isotopes of plutonium considered are specific activity, type of
major radiation, and energy of radiation. It has been postulated that
the greater alpha energies of 2 3 8 Pu, which result in greater recoil
energies, may partially explain differences in availability of these two
isotopes (Hanson, 1975). Plutonium-237 decays primarily by elec-
tron capture, however, with negligible recoil energy to the nucleus.
Subsequent radiations include neptunium L and K X-rays in the
kiloelectron-volt energy range. It seems unlikely, therefore, that the
type and energy of major radiations of2 3 7 Pu adequately explain the
greater availability of2 3 7 Pu as seen in this study.

A direct relationship was found between specific activity and
plant uptake of plutonium. In this study 2 3 7 Pu was more available
for plant uptake than 2 3 8 Pu, which was more available than 2 3 9 Pu.
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The specific activities of these isotopes are 12,075 Ci/g 2 3 7 Pu, 17.4
Ci/g 2 3 8 Pu, and 0.061 Ci/g 2 3 9 Pu. Although the extent and exact
mechanisms are as yet unknown, it appears that differences in
specific activity offer a potential explanation for differential behav-
ior of plutonium isotopes.

The greater availability of 2 3 7 Pu resulted in only a twofold
difference in the mass concentrations of 2 3 7 Pu and 2 3 8 Pu in the
standing vegetation. This is encouraging for the use of 2 3 7 Pu as a
tracer for 2 3 8 Pu; however, the close correspondence is applicable
only for the levels of each isotope used in this study. Further studies,
encompassing a variety of activity levels and interactions of the
plutonium isotopes, are under way to establish clerur comparabilities
among isotopes. These studies are particularly needed in light of the
apparent differential behavior of2 3 7 Pu,2 3 8 Pu, and 2 3 9 Pu.
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THE UPTAKE AND DISTRIBUTION OF CADMIUM
IN CORN

J. W. PEEL,*t R. J. VETTER,t J. E. CHRISTIAN,t W. V. KESSLER.t
and W. W. McFEE?
•fBionucleonics Department and ^Agronomy Department, Purdue University,
West Lafayette, Indiana

ABSTRACT

The uptake and distribution of cadmium in corn (Zea mays) treated at various
time intervals after planting and sampled at various times after treatment were
measured. Cadmium was found to accumulate in all parts sampled. As shown in
field studies, stems and leaves generally concentrated more cadmium than did
husks, cobs, kernels, silks, or tassels. Samples of stems and leaves from corn
treated 23 days after planting and sampled 5 days later exhibited higher
concentrations of cadmium than samples taken 25, 45, 65, or 85 days after
treatment. Concentrations generally decreased with time. Greenhouse studies
showed that corn exposed to cadmium for the longest period of time
accumulated the greatest total cadmium. The highest cadmium concentrations
were found in the base or lowest leaves sampled 45 days after planting; this
suggests a useful technique for quick screening corn crops for cadmium
pollution.

The toxicity of cadmium in man is well documented (Prodan, 1932;
Friberg, Piscator, and Nordberg, 1971; Fulkerson and Goeller, 1973).
That its environmental distribution depends in part on industrial
discharges explains to some degree the variability in cadmium
concentrations found around the world. Cadmium concentrations in
food crops also vary widely, but the differences in soil concentra-
tions only partially explain this variation. Other factors (such as
species specificity, fertilization and harvest practices, and varying soil

•Present address: U. S. Department of Energy, Washington, D. C.
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compositions) influence the rate of uptake in plants, but many
factors are still unexplained (Environmental Protection Agency,
1975).

The uptake of cadmium by corn hns been reported previously
(Page, Bingham, and Nelson, 1972; Traynor and Knezek, 1974;
Garcia etal., 1974; Iwai, Hara, and Sonada, 1975; Bingham etal.,
1975; Kirkham, 1975; Root, Miller, and Koeppe, 1975). The purpose
of our research was to study further the uptake and distribution of
cadmium in corn (Zea mays) with time. Cadmium concentration was
measured in different leaves along the stalk, and uptake by corn
treated at different times in its life cycle was also determined.

MATERIALS AND METHODS

Greenhouse Study

Zea mays L. cv. Pioneer 3516 was grown in a greenhouse on
Chalmers silty clay loam having a water pH of 7.05. Cadmium, as
CdCl2 • 2l/2H2O containing 22 juCi of ' 1 5 mCdCl2 , was added at a
rate of 2 jug/g Cd per kilogram of soil on a dry weight basis. No
additional nutrients were added. Disposable 11.3-liter paper pots
lined with polyethylene bags were used as plant containers. The corn
was grown in 6.82 kg of soil per pot. A day length of 16 hr was
provided by artificial lighting by both fluorescent and incandescent
lamps. Plants were arranged in a randomized complete block design
with five plants per replicate and five _eplications. One plant from
each replicate was sampled at 15, 30, or 45 days after planting. The
last two plants from each replicate were sampled at 73 days after
planting. The plants were harvested by cutting at the base of the
stalk near the soil surface to simulate mechanized harvesting. Since
only the shoot is used in producing cattle feed, the roots were not
analyzed. Shoots were air dried, partitioned into stem and leaves, and
weighed. The plant parts were placed into plastic freezer bags and
analyzed for ' ' 5 mCd content by gamma-ray scintillation spectrom-
etry with a single-channel-analyzer counting system connected to a
large well-type Nal(Tl) crystal. Control plants from pots with no
1 ' s mCd added to the soil were used to determine background count
rate. The analyzer was calibrated to count gammas with energies
from 0,77 to 1.6 MeV.

field Study

This experiment wa= designed to study the ability of plants of
different age groups to absorb cadmium. The study was conducted
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on Chalmers silty clay loam at the Purdue University Animal Science
Farm. Rainfall for the growing season was 56.6 cm. A randomized
block design with five replications was used. Each replication ~j
consisted of a row 15 m long with 0.75 m between rows. Each row »j
was planted with Zea mays L. cv. DeKalb XL 66. The plot was j
maintained by standard agricultural practices with no additional j
fertilizer added. j

Randomly selected plants from each row were treated at 23, 43, j
63, 83, or 103 days after planting. Treatment planning was based on -!

a dose of stable cadmium as CdCl2 • 2'/2 H2O which, when applied in |
2 liters of water to an area 30.48 by 30.48 cm to a plow depth of
15.24 cm would give a final soil concentration of 5 jug/g Cd on a dry |
weight basis. Two liters of water was chosen because this amount will ;
adequately moisten 929 cm2 of soil to a depth of 15.24 cm. : ;
Preliminary tests with l ' s m Cd showed that cadmium was incorpo- j
rated into the soil with little leaching during the growing season. j
Kirkham (1975) showed that cadmium in sludge-treated soil re- I
mained predominantly in the upper 30 cm. One plant from each i
treatment block of each replication was sampled at 5, 25, 45, 65, or j
85 days after treatment on day 23. Five control plants were sampled !
at each sampling period. No plants showed any symptom of |
cadmium toxicity. All plants were cut at the soil surface and j
partitioned into stems and leaves combined, husks, cobs, kernels, j
silks, and tassels. !

i

Samples were dried in a plant drying oven at 60°C and weighed. !
The dried plants were individually ground to pass a 40-mesh j
stainless-steel screen. The ground plant samples were individually ;
collected in plastic bags and hand mixed by shaking vigorously. j
Duplicate or, when sufficient plant tissue was available, triplicate 1-g j
samples of each replicate and each tissue were weighed into j
individual Folin-Wu tubes (Doerr Glass Co., Vineland, N. J.). To ••!
prevent frothing during sample digestion, we added 1 ml of octyl
alcohol to each sample. Five milliliters of concentrated HNO3 was
added to each sample, and the mixture was allowed to reflux until
the dense brown fumes had subsided. When the fumes were no longer
visible, 2 ml of HC1O4 was added to each sample to complete
digestion. After the addition of the HC1O4, the samples were
refluxed for 12 hr. During this time the sides of each Folin-Wu tube
were washed periodically with 10% HNO3.

The samples were filtered through grade 202 filter paper (Reeve
Angel Co., Clifton, N. J.) and collected in 10-ml volumetric flasks.
The flasks were brought to volume with 10% HNO3 before the
cadmium content was read by atomic absorption spectrophotometry
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with background correction. The values for the triplicate samples
were averaged for each replicate and each tissue.

RESULTS AND DISCUSSION

Greenhouse Study

Cadmium concentration and total cadmium in the shoot, without
roots, are shown in Table 1. These values were obtained by pooling
the values for stems and leaves. The Newmann—Keuls sequential
range test (Anderson and McLean, 1974) was performed to compare
the treatment means after the analysis of variance indicated
significant differences. There was no significant difference among
cadmium concentrations at the 15-, 30-, and 45-day sampling times
(Table 1), and thus the young plants, took up cadmium in proportion
to plant growth. After 45 days, cadmium uptake was no longer
proportional to plant growth; however, values for total cadmium
indicate that cadmium uptake did not stop. It was noted that
symptoms of a nitrogen deficiency developed at about 45 days. The
chlorosis observed may have been caused partially by cadmium
toxicity (Page, Bingham, and Nelson, 1972; Iwai, Hara, and Sonada,
1975).

The mean and standard deviations of cadmium concentrations in
individual leaves sampled 45 days after planting are given in Table 2.
The Newman—Keuls sequential range test showed significant differ-
ences among leaves. The cadmium concentrations were highest in the

TABLE 1

CADMIUM CONCENTRATION AND TOTAL CADMIUM IN
CORN SHOOTS GROWN IN A GREENHOUSE*

Days after planting

15 30 45 79

Cadmium concentration (jug/g)

100+13 97 ±49 80 + 8 31+4

r
' Total cadmium per plant

52 ±15 132 ±56 134 ± 55 508 + 56

*Mean ± standard deviation. Values underscored by the same line are
not significantly different from each other (p > 0.05).
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TABLE 2

CADMIUM CONCENTRATION IN LEAVES AT 45 DAYS AFTER
PLANTING IN THE GREENHOUSE*

Leaf numberf

189 + 33+ 133+15 104 + 5 87 + 25 78 ± 10 79 + 12 57 ± 10 48 ±9

*Mean ± standard deviation (,Ug/g). Values underscored by the same lino are j
not significantly different from each other (p < 0.05). I

fLeaves ranked from the base of the plant to the top. j

.1
lowest leaves of the plant. Data from Tables 1 and 2 suggest that, j
when checking corn crops for cadmium pollution, we should sample j
the lowest leaves during the first 45 days.

Cadmium uptake in plants growing under field conditions is
difficult to predict from the results of greenhouse studies. Tempera-
ture, lighting, rainfall, and day-length conditions in the greenhouse
are different from those in the field. Red spiders also affected the
greenhouse plants and were partly responsible for the premature
harvest on day 79. Confining roots to a specific region of the soil
profile can also affect cadmium uptake. Plant roots confined in
greenhouse pots were forced to make greater exploration of the soil
mass than they would in a field situation, where, depending on
moisture and soil conditions, cadmium might be found in the upper
layers of soil and the roots in another zone. Lack of rainfall in the
field could also force the roots downward and out of the region of
highest cadmium concentration.

The availability in the soil of heavy metals other than cadmium
may also affect cadmium uptake by some mechanism, perhaps by
competing with the cadmium. The background levels of some heavy
metals extracted with concentrated HNO3 in the greenhouse soil and
determined by atomic absorption spectrophotometry were Cd,
0.5,ug/g; Zn, 54/ig/g; Cr, 0.9 jug/g; Cu, 13 /ug/g; and Ni, 12 jug/g.
Other factors such as phosphorus, nitrogen, or potassium shortages
could have some effect on the uptake of cadmium. The soil was
sampled for these elements before planting, and levels found by
routine methods were phosphorus, 130 kg/ha; nitrate nitrogen,
16 kg/ha; and potassium, 258 kg/ha. The confined pot environment
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could have caused a shortage of one or more of these elements with
time, however. Any of these factors could contribute to the high
uptake of cadmium observed in greenhouse studies where the roots
are confined to a small volume (Page, Bingham, and Nelson, 1972;
Traynor and Knezek, 1974; Iwai, Hara, and Sonada, 1975; Root,
Miller, and Koeppe, 1975).

Field Study

The means and standard deviations for the uptake of cadmium in
stems and leaves combined, husks, cobs, kernels, silks, and tassels are
given in Table 3. All data are expressed in terms of micrograms of
cadmium per gram of plant tissue on a dry weight basis. The
Newman—Keuls sequential range test was performed to compare the
treatment means of plant components where the analysis of variance
snowed significant (p < 0.05) differences after log transformation.

TABLE 3

CADMIUM CONCENTRATION IN CORN FROM FIELD STUDY*

Treatment
time, day

after planting

23
43
63
83

103
Control

Treatment
time, day

after planting

23
43
63
83

103
Control

28

31.34 ±8.75

ot

Husks

0.55 ± 0.43
0.51 ±0.10
0.95 ± 0.45
1.28 ± 1.14
1.99 ±2.01

. 0.40 ± 0.27

Sampling time, day after planting

2.60
5.49

0.96

48 68

Stems and leaves

± 1.34
± 4.74

± 0.23

1.37 ± 0.66
1.14 ± 0.34
1.54 ±0.37

0.46 ±0.27

Sampling time, day

Cobs

0.32 ±0.16
0.56 ± 0.28
0.35
0.37
1.60
0.25

± 0.10
±0.11
± 1.62
±0.13

Kernels

0.23 ±0.10
0.52 ±0.16
0.27 ± 0.08
0.30 ±0.23
1.64 ± 1.35
0.25*

2.3?
1.84
4.06
0.68

0.75

108

88

± 1.67
± 0.76
±3.25
±0.24

± 0.49

Silks

0.47
0.43
0.69
0.16
0.92
0.26

± 0.37
±0.14
±0.34
± 0.16
± 1.25
±0.02

1.86
1.44
1.30
1.98
1.51
0.44

108

± 1.36
± 0.62
±0.53
±0.59
± 0.64
± 0.19

Tassels

0.76
1.71
1.63

± 0.35
± 0.83
±0.75

1.06 ± 0.57
3.04
0.32

± 3.55
±0.27

*Mean ± standard deviation (flg/g)for 5 replicates.
fCadmium in all samples was below detection sensitivity of 0.13 A<g/g of

sample.
JOnly one sample was taken.
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The mean cadmium concentration in stems and leaves from mm
treated on day 23 and sampled on day 28 was significantly higher
(p<0.05) than those of all other treatment and sampling days
(Table 4). The results show a trend similar to that of the greenhouse
study. Cadmium was absorbed at a rapid rate when the corn plant
was young (23 days after planting) and was transported and diluted
as the plant matured. When the corn was treated at later stages of
growth (43, 63, 83, or 103 days after planting), the uptake was much
less, as indicated by the lower concentrations 5 days after treatment.
We must remember, however, that the plant was larger and the roots
penetrated the ground much more deeply at later treatment times.
Both these factors probably contributed to the lower concentrations.
Root, Miller, and Koeppe (1975) reported increased uptake with
time but sampled no plants after day 12 of treatment. It appears
from this study that the time of treatment (or contamination) has
little effect on the final concentration and, consequently, total
cadmium uptake in the mature plant and that the cadmium is taken
up at any time during growth. This is contrary to predictions since

TABLE 4

NEWMAN-KEULS COMPARISONS OF MEANS FOR CADMIUM
CONCENTRATIONS IN VARIOUS PARTS OF CORN*

Treatment day
23
43

63
83

Sampling day
28
48
68
88
108

Sampling day
108

Stems and leaves

Sampling day
28* 48 88

48 88
88

Treatment day
23 Cf
43 23 Ct
63 23 43
63 23 43
83 23 103

Kernels

Treatment day
103 43 83

108
108

68
108

ct
ct
43

63

68
68

108 •
88

83
63 Ct

Ct 23

*Means for the days indicated we arranged in order of decreasing magnitude.
Those underscored by the same lino aie not significantly different from each
other (p > 0.05).

fControl.
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plants treated early in their life cycle would be expected to take up
the most cadmium.

Greenhouse-grown plants took up much more cadmium than
field-grown plants even though the soil cadmium levels for the field
were higher than those for the greenhouse. From Table 1, the
cadmium concentration in stems and leaves was 80 jug/g at 45 days
after planting. From Table 3, the value for stems and leaves was
1.37 Mg/g at 68 days after planting when cadmium was applied 23
days after planting, a growing period of 45 days. These higher values
for the greenhouse-grown plants are attributed to confinement of
roots and to application of cadmium at an earlier time in the life
cycle.

Cadmium levels in husks, cobs, kernels, silks, and tassels were
highly variable. For kernels, the levels were highest (p < 0.05) when
the plants were exposed to cadmium on day 103 after planting.
Although no significant differences (p > 0.05) were seen with the
other tissues, plants exposed to cadmium on day 103 after planting
tended to show the highest levels. These plant parts were growing
vigorously at that time of treatment and would require a good
mineral supply for proper growth. The results suggest that cadmium
is more easily obtained from the soil immediately after application
than from translocation from the stems and leaves, which took up
cadmium at an earlier date.

Although cadmium has been detected in m n y food crops, its
uptake and distribution patterns are not fully known. The uptake of
cadmium in com may coincide with the nutrient demand exhibited
by the corn plant at various stages of growth. The kernels receive
large quantities of nitrogen and phosphorus, but potassium is
concentrated in the leaves, stalks, and residue. It appears from these
studies that most of the cadmium absorbed after early application is
confined to the leaves and stalks and is not translocated to the
kernels. A trend indicated that cadmium concentrations were highest
in the young plant within 5 days after application of cadmium to the
soil, but plants continued to take up cadmium until maturity. In
general, the time of application appeared to have little effect on the
final concentration of cadmium in the mature plant, except for levels
in kernels after late application.

SUMMARY

A greenhouse study showed that, when cadmium was applied to
soil at the time of planting, concentrations in stems and leaves
decreased with time but the total uptake continuously increased.
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Concentrations were highest in the lowest leaf and decreased
progressively m leaves sampled up the stalk.

In a field study, cadmium concentrations in stems and leaves
were highest when cadmium was applied to soil early in the plant life
cycle and the plant was sampled early. At maturity the concentra-
tions were not different for the different application times during the
corn life cycle. Unexpectedly, kernels of corn had the highest
cadmium concentrations when exposed only 5 days before harvest
rather than when exposed at an earlier date.
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CHEMICAL EFFECTS ON PLANT GROWTH
OF FLY-ASH INCORPORATION INTO SOIL

D. C. MARTENS and B. R. BEAHM
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and State University, Blacksburg, Virginia

ABSTRACT

Removal of fly ash from flue gases before they are discharged into the
atmosphere has created a solid-waste management problem at coal-burning
power-generating plants. An effort is being made to find industrial uses for fly
ash to decrease disposal costs. Research findings reported here could lead to
consumption of fly ash in agriculture and could be used to establish vegetation
on fly-ash landfill sites. Festuca arundinacea Schreb. was successfully established
where 215 tonnes/ha of one weathered and two unweathered fly ashes were
mixed separately with the surface 15 cm of a Groseclose silt loam. An
equilibration period was necessary to obtain uniform plant population where the
unweathered fly ashes were incorporated into the soil. Leaching and soil fixation
of elements that were initially toxic to plants probably occurred during the
equilibration period. The pH of the Groseclose silt loam was increased by
application of the unweathered fly ashes but was unaffected by application of
the weathered fly ash. The changes in soil pH reflect the much higher CaCO3
equivalents of the unweathered fly ashes as compared with the weathered fly
ash.

Mechanical collectors and electrostatic precipitators are used in
coal-burning power plants to remove fly ash from flue gases to
prevent discharge of the particulate into the atmosphere (Brackett,
1967). This process has decreased air pollution but has caused a
solid-waste management problem. Fly-ash production in the United
States, which increased with greater consumption of electrical
energy, ranged from 15.5 million tonnes in 1966 to 36.6 million
tonnes in 1974 (Faber, 1976). During this 9-year period, a maximum
of 11.7% of the fly ash produced annually was either used for
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industrial purposes or removed from plant sites at no cost to ibe
utility (Faber, 1976). The nonutilized fly ash is generally trans-
ported, slightly dampened, to a landfill area or sluiced to a lagoon.
Disposing of fly ash by these methods results in a considerable cost
to the electric-power industry.

A research effort has been directed toward increasing industrial
use of fly ash. Outlets for fly-ash consumption were developed
through these efforts, and, at present, considerably more fly ash is
used in construction than in other industries (Brackett, 1974; Faber,
1976). Research has also been conducted to investigate the agricul-
tural potential of fly ash. A large part of this work was designed to
determine whether nutrient deficiencies in plants could be corrected
by incorporating fly ash into soil.

Tota' elemental-analysis data indicate that fly ashes contain
varying quantities of elements essential for plant growth and that the
concentrations of nitrogen in fly ashes are generally very low (Cope,
1962; Hodgson and Holliday, 1966; Plank and Martens, 1973).
Greenhouse studies were conducted to evaluate the availability to
plants of B, P, K, Mo, and Zn in fly ashes. This research showed that
incorporating selected fly ashes into soil corrected boron deficiency
in Medicago sativa L. (Martens, 1971) and zinc deficiency in Zea
mays L. (Schnappinger, Martens, and Plank, 1975) and partially
corrected phosphorus and potassium deficiencies in Zea mays L.
(Martens, 1971; Martens, Schnappinger, and Zelazny, 1970). The
relatively high levels of fly ash incorporated into soil for the
phosphorus and potassium studies caused abnormal growth of Zea
mays L.

The availability of boron and molybdenum in fly ash was
evaluated under field conditions. The relatively high plant availability
of boron and molybdenum in fly ash found in the greenhouse studies
prompted this research (Doran and Martens, 1972; Martens, 1971).
One source of fly ash applied at a level to supply 3.4 kg B/ha
corrected boron deficiency in Medicago sativa L. for 2 years, and an
equal level of boron from a second source corrected the deficiency
for 3 years (Plank and Martens, 1974). The high boron availabilities
over the 2- to 3-year periods were attributed to slow release of boron
from the vitreous phase of the fly ashes. Molybdenum concentrations
in Medicago sativa L. plants were increased from 0.8 to 2.3 and
3.8 ppm when 10.9 tonnes/ha of two fly ashes were incorporated
separately into soil (Martens and Beahm, 1976). We concluded from
these tissue-concentration data that either source of fly ash could
serve as a soil amendment to correct molybdenum deficiency of
plants.
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Relatively high levels of fly-ash application are required to
increase the pH of acidic soils (Martens and Plank, 1973), to increase
the plant-available water-holding capacity of soils (Jones and Amos,
1976), and to correct nutrient deficiencies (Martens, 1971). Research
discussed here was conducted to determine the effect on growth and
elemental composition of Festuca arundinacea Schreb. (Kentucky 31
tall fescue) of applying high levels of fly ash. Data from this research
could also be used to establish vegetation on fly-ash landfill sites.

MATERIALS AND METHODS

Fly ash for field research was obtained from three coal-burning
power-generating plants. Chemical properties and particle size distri-
butions of the three fly ashes are given in Table 1. The calcium
carbonate equivalent of the fly ashes was determined by the
procedure described by Jackson (1958); electrical conductivity of
saturated extracts was determined by the method reported by Bower
and Wilcox (1965); and particle size distribution was determined by
the technique outlined by Day (1965).

Field research was conducted to determine the effect on growth
and elemental composition of Festuca arundinacea Schreb. of
applying the three fly ashes to Groseclose silt loam. Four treatments
(215 tonnes/ha of the 3 fly ashes and a control) were applied in
quadruplicate in the field experiment. The treatment areas were
arranged in a randomized complete block design. Individual plots
were 1.4 by 1.8 m with 1.2-m borders. Fly ashes for the treatments
and adequate nitrogen, phosphorus, and potassium for plant growth
were mixed with the surface 15 cm of a Groseclose silt loam. The

TABLE

CHEMICAL PROPERTIES AND

Source of fly ash

Power plant Location

Fort Martin Maidsville,
W. Va.

Glen Lyn Glen Lyn,
Va.

Harrison Shinnston,
W. Va.

ASH UNDER

CaCO3

equivalent, %

5.6

1.6

6.9

1

PARTICLE
STUDY

Electrical
conductivity,

mmho/cm

7.5

0.4

5.5

SIZE OF FLY

Particle size

Sand Silt

10.6 85.5

43.1 55.8

23.6 75.0

%

Clay

3.9

1.1

1.4
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area was seeded to Festuca arundinacea Schreb. 1 day after treat-
ment application.

A composite soil sample consisting of eight cores was obtained
from the surface 15-cm layer of each plot, and plant tissue was
clipped from a O.S6-m swath through the 1.8-m length of each plot
14 months after the fly ashes were incorporated into the soil. The pH
of 10-g subsamples of soil was determined on 1 : 1 soil-to water
mixtures after a 1-hr equilibration period. Plant clippings were dried
at 70°C for 48 hr and weighed for yield measurements. Twenty gram
subsamples of the dried tissue were ground to pass a 20-mesh screen
in preparation for Cu, Co, Fe, Mn, and Zn analyses. Concentrations
of cobalt were determined by neutron activation analysis. Plant
tiss'ie was dry-ashed and leached with 0.5N HC1 before analyses of
Cu, Fe, Mn, and Zn were completed by atomic-absorption spectro-
photometry.

Experimental results were subjected to analyses of variance, and
Duncan's Multiple Range Test was used to determine differences
among means where f-values were significant at the 0.05 level of
probability. The statistical analyses were performed on an IBM 370
computer with SAS formats.

RESULTS AND DISCUSSION

The three fly ashes studied are from bituminous coals (Table 1).
Fly ash from the Glen Lyn Power Plant was weathered in a lagoon
before it was used in field research. In contrast, fly ashes from the
Fort Martin and Harrison Plants were unweathered. The much lower
CaCO3 equivalent and electrical conductivity of the Glen Lyn fly ash
probably reflects loss of soluble salts, including hydroxyl ions, while
undergoing weathering.

Plant Growth on Fly-Ash-Soil Mixtures

Five annual applications of 144 tonnes/ha of the weathered Glen
Lyn fly ash did not decrease the grain yield of Zea mays L. on
Groseclose silt loam (Martens and Beahm, 1976). Population and
grain yield of Zea mays L. were decreased by incorporation of 48 to
96 tonnes/ha of unweathered Harrison fly ash into the Groseclose
soil, however (Martens and Beahm, 1976). Neither grain yield nor
plant population was decreased one growing season after application
of the unweathered fly ash. The decrease in yield during the first
year of the study was attributed in part to death and injury of Zea
mays L. plants from boron toxicity.
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It has been rscommended that fly-ash disposal areas be covered
with a layer of soil to facilitate the establishment of vegetation
(Cope, 1962, Hodgson and Holliday, 1966). Incorporating soil with
the fly ash before establishing vegetation would seem more eco-
nomical because less soil would be required. Our research was
conducted on Groseclose silt loam to determine the effect on growth
of Festuca arundinacea Schreb. of applying a high level of the three
fly ashes. We selected this grass because of its use in lawn and pasture
mixtures.

The Festuca arundinacea Schreb. was first planted where 215
tonnes/ha of the three fly ashes were applied to the Groseclose soil in
September 1974. The areas where the Fort Martin and Harrison fly
ashes were incorporated into the soil had to be replanted because
many seedlings died shortly after germination. A uniform plant
population was obtained after replanting in May 1975. Since the
summer growth was; somewhat weedy, it was clipped and removed
from the fly-ash treatment and control areas during the early portion
of September 1975 in preparation for yield measurement. Dry
weights of fall growth, measured in late November 197L, indicated
equivalent or higher yields from the areas where the iiy ashes were
applied than from the control area (Table 2). These data indicate
that the Festuca arundinacea Schreb. can be grown on areas where
high levels of fly ash are mixed with soil and that, in some cases, an
equilibration period may be necessary to ensure an adequate plant
population. The necessity of an equilibration period probably
reflects leaching or soil fixation of boron or other soluble salts from

TABLE 2

EFFECT OF FLY-ASH APPLICATIONS ON THE YIELD AND
ELEMENTAL COMPOSITION OF FESTUCA ARUNDINACEA

SCHREB. ANF ON SOIL pH*

Fly-ash treatment
I 1 o -i v u Micronutrier.t concentration, ppm
tonnes/ Soil Yield, li_l

Source ha pH kg/ha Cu Co Fe Hn Zn

Control 0 7.0 b 1984 b 5.0 a 1.7 a 49.8 a 78.8 a 14.7 a
Fort Martin fly

ash 215 7.8 i 2855 a 5.2 a 1.8 a 55.5 a 66.1a 15.1a
Glen Lyn fly ash 215 7.2 b 1926 b 5.4 a 2.1a 57.3 a 77.4 a 15.8 a
Harrison fly ash 215 7.8 a 2431 ab 5.4 a 1.8 a 52.3 a 59.2 a 13.4 a

*Values followed by different letters (a or b) are significantly different at
the 0.05 level of probability by the Duncan's Multiple Range Test.
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the applied fly ash. This seems likely because fly-ash application has
been found to limit plant growth by both boron toxicity and soluble
salt damage (Cope, 1962; Hodgson and Holliday, 1966; Martens and
Beahm, 1976).

The pH of the control area on the Groseclose silt loam was 7.0
(Table 2). Incorporation of 215 tonnes/ha of the Fort Martin and
Harrison fly ashes increased the pH of the soil to 7.8. Soil pH was
not increased by an equal application of Glen Lyn fly ash. The
changes in pH of the Groseclose silt loam parallel the CaCO3

equivalents of the fly ashes (Table 1). These increases in pH may
limit plant growth on some soils by inducing certain micronutrient
deficiencies (Martens, Schnappinger, and Zelazny, 1970). Conversely,
fly-ash application increased growth of Mediccgo satiua h. by
increasing the pH of an acidic soil (Martens and Plank, 1973).

Forage Quality on Fly-Ash—Soil Mixtures

Concentrations of Co, Cu, Fe, Mn, and Zn in Festuca arundi-
nacea Schreb. plants were not increased, as compared with the
control, by applying the three fly ashes to Groseclose silt loam
(Table 2). These data show that forage from the fly-ash treatment
areas would not supply higher amounts of the five elements to
grazing animals than forage from the unamended soil. Elemental
concentrations in forage which supply the growth requirements for
young sheep and cattle are Cu, 6 ppm; Co, 0.08 ppm; Mn, 30 ppm;
and Zn, 20 ppm (Egan, 1975). Based on these values, the forage
grown on both the fly-ash treatment and control areas would supply
adequate quantities of cobalt and manganese to young sheep and
cattle but inadequate amounts of copper and zinc. Levels of iron
supplied by the forage would be somewhat low; iron concentrations
in grasses generally range from 100 to 250 ppm (Underwood, 1971).

Manganese concentrations were lower in Festuca arundinacea
Schreb. plants grown on soil that received either Fort Martin or
Harrison fly ash than in those grown on the control-area soil
(Table 2). The decrease was significant at the 0.10 level of
probability where the Harrison fly ash was applied to soil. A similar
relationship, which occurred previously with Zea mays L., was
attributed to a decrease in manganese activity in soil solution where
fly-ash application increased soil pH (Martens and Beahm, 1976).

Research reported in the literature indicates a need to monitor
concentrations of molybdenum and selenium in forage from fly-ash-
treated areas before it is used as feed for sheep and cattle. This
indication is based on the relatively high availabilities of molyb-
denum and selenium in certain fly ashes (Doran and Martens, 1972;
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Gutenmann, Bache, Youngs, and Lisk, 1976). Increases in soil pH
that occur with the application of alkaline fly ash (Table 2) may
decrease copper uptake by plants and, thereby, enhance the
possibility of molybdenum toxicity to grazing animals (Underwood,
1971). The cobalt levels in Festuca arundinacea Schreb. tissue were
relatively high, ranging from 1.7 to 2.1 ppm on the fly-ash-treated
and the control soils (Table 2). These levels of cobalt are below the
amounts in forage which are expected to be toxic to sheep arid cattle
(Morrison, 1956).
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ROLE OF SYNTHETIC CHELATING AGENTS
IN TRACE METAL UPTAKE BY PLANTS

A. WALLACE, E. M. ROMNEY, and P. M. PATEL
Environmental Biology Division, Laboratory of Nuclear Medicine and Radiation
Biology, University of California, Los Angeles, California

ABSTRACT

Synthetic chelating agents have some agricultural uses for supplying deficient
trace elements to plants. Agents that are used in varying degrees are not specific
for the ri?etals with whici. th.-y are supplied and, therefore, tend to increase the
transport of some unwanted metais into plants and, hence, into food chains.
They can also promote leaching of trace metals from soil surfaces into lower soil
horizons and to groundwaters. When synthetic chelates of iron, zinc, or
manganese are superimposed upon land areas that have already been contami-
nated with trace metals, the increased transport into plants is sometimes
amplified by one or more magnitudes, depending on edaphic factors and the
concentrations of metals. Soil pH is one of the most important factors
determining uptake rates of trace metals in the presence of chelating agents. The
greatest effect is usually obtained at the soil pH of maximum metal—chelate
stability. Interactions do occur, and the maximum induced uptake is sometimes
at low soil pH and sometimes at high soil pH. The chelating agent most
commonly associated with increased metal transport is diethylenetriaminepenta-
acetate (DTPA). Metals with known increased plant transport caused by
chelating agents include Cd, Pb, Ni, Co, Cu, Zn, Cr, Fe, and others. Chelating
agents enhance the transport of at least some metals through plants. The effects
are also pronounced with some radionuclides; most noteworthy is the
transuranium element 4 ' Am, To a lesser extent the same effect is observed
with Pu. Waste products from the nuclear fuel processing industry are

often stored with chelating agents. Since potentially hazardous materials are
often present, it is important to understand the relationships involved in the
event that such materials should be accidentally dispersed into the environment.

Synthetic agents have a 25-yetir history of use in plant nutrition for
supplying some trace metals, notably iron, to plants. Most usage is
under field-cropping conditions in agriculture (Wallace, 1962).

645
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Chelating agents applied to soils sometimes increase or decrease the '
uptake of trace metals and radionuclides in plants. Addition of
chelating agents to soil contaminated with trace metals or with
certain radionuclides could result in increased metal uptake by plants ^ 1
to phytotoxicity levels and entry into food chains of metals that ;
could cause toxic effects. This paper reviews and discu&ses the status
of knowledge of the effects of synthetic chelating agents on uptake c :
of metals into plants. The most generally accepted roles of synthetic •
chelating agents in promoting plant uptake of metals are solubilizing
metals in soil and facilitating diffusion or migration to root surfaces
when the metals are taken up by plants (O'Connor, Lindsay, and "i
Olson, 1971; Lindsay, 1974; Norvell, 1972). There is also evidence ;
that under some conditions chelating agents increase transport from /
roots to leaves (Wallace et al., 1974). Although our focus is on plant [
uptake of metals, we recognize that synthetic chelating agents can '
also result in movement of trace metals to lower soil horizons and to ,]
groundwaters. The general chemistry involved is described in S
textbooks (Dwyer and Mellor, 1964; Orgel, 1960; Sillen and Martell, i
1964). j

EXPERIMENTAL FINDINGS j

Lead '

Some of the most important results of increased trace-metal j
uptake caused by chelating agents have been for lead (Patel, Wallace, !
and Romney, 1977). Lead uptake in barley (Hordeum vulgare L. var
Atlas 57) and bush beans (Phaseolus uulgaris L. var Improved
Tendergreen) was studied in a glasshouse with different levels of i
lead in solution culture and in amended Yolo loam soil (control and : j
soil with sulfur, CaCO3, and MgCO3 added) with and without the
chelating agent diethylenetriaminepentaacetate (DTPA). In the solu-
tion culture experiment, 10~4M DTPA did not increase lead uptake
from 10~3Af lead, possibly because of the acidity of the solution. In
the soil experiment lead concentrations in barley shoots and bush
bean leaves and stems were increased as result of applying 200 to
1000 ng Pb/g soil in the presence of DTPA. In the absence of DTPA,
the lead concentrations in barley shoots were very small for the
control (3 //g Pb/g dry weight of shoots) and sulfur-amended soil (4
fig Pb/g dry weight of leaves) and were almost negligible in soils
amended with CaCO3 and MgCO3. With DTPA (100 /ig/g soil),
uptake of lead was greatly increased (9,19,117, and 266 (ig Pb/g dry
weight of shoots when 400 fig Pb/g soil was applied at soil pH of 4,
6, 7.8, and 8.5, respectively). As indicated, the lead uptake with

J



ROLE OF SYNTHETIC CHELATING AGENTS 647

DTPA was positively related to increases in soil pH. The DTP A also
increased the uptake of iron, but in a pH relationship opposite to
that for lead. The iron transport to shoots was increased considerably
by DTPA at low soil pH but very little at the two higher pH levels.
This may seem to be inconsistent, but the results are related to the
stability constant of DTPA at different pH values. At pH 7.8 and 8.5
the iron is removed from DTPA and precipitated in the soil as
Fe(OH)3. The DTPA is then free to chelate other metals with less
tendency to form insoluble hydroxides.

Uptake of copper and zinc was also increased by DTPA and was
also pH dependent, following the pattern of lead rather than that of
iron. Results for bush beans were much like those for barley, except
that DTPA increased lead uptake about twice as much in bush beans
as in barley.

Lead transport to leaves and stems was greatly increased as a
result of DTPA additions at pH 7.8 and 8.5 for both species, but the
large lead levels in the shoots resulted in very little if any yield
reductions. This may be because lead remains in the vascular system
(Malone, Koeppe, and Miller, 1974). The DTPA can be expected to
increase the migration of lead, particularly in soil of pH 7 or greater,
and tht uptake of lead by plants and, hence, its transfer into food
chains.

Chromium

Chromium, Cr2 (SO4 )3 , alone applied to noncalcareous Yolo
loam soil (pH 6) at 50 fig Cr/g soil did not decrease yields of bush
beans, but yields did decrease when ethylenediaminetetraacetate
(EDTA) (100 ixg/gsoU) was added with the chromium (Wallace et al.,
1977b). Very little chromium was present in leaves, however, even
with EDTA. Adding 10~5AT chromium and 10~4M EDTA caused
decreased yields of bush beans grown in solution culture (P = 0.01),
but adding chromium without EDTA did not decrease yields. Since
EDTA increased the phytotoxicity of chromium without increasing
chromium transport to leaves, the effects were caused by EDTA-
indueed transport of chromium to roots.

Cadmium

Bush beans were grown in a soil with cadmium applied at 0, 50,
and 100 \ig Cd/g soil as CdSO4 (Wallace et al., 1977a). Each level was
interacted with 100 //g/g s°il of nitrilotriacetic acid (NTA) and
EDTA as sodium salts. Yields were depressed by 50 p.% Cd/g soil only
when chelating agents were also applied. With NTA, 50 jtig Cd/g soil
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significantly decreased yields by 36% and with EDTA by 50%
(P = 0.01). The decreases were greater when 100 fig Cd/g soil was
added together with the chelating agents than when 50 jug Cd/g soil
or cadmium without chelating agents was added. The 100 fig Cd/g
soil decreased yields without chelating agents (28%), but 50 fig Cd/g
soil did not. These two applied levels of cadmium overcame much of
the tendency of the chelating agents to increase manganese, copper,
and iron concentrations in plants. This is at least partly caused by
physiological effects on uptake mechanisms rather than by competi-
tive chelation (Wallace et al., 1977a). Cadmium levels in the leaves
were increased by chelating agents (1.5, 3.0, and 6.7 (xg Cd/g dry
weight without EDTA, compared with 0.0, 32.7, and 423 with
EDTA for applications of 0, 50, and 100 jug Cd/g soil, respectively).
In another test DTPA also increased uptake of cadmium in bush
beans. The interactions were similar to those with other chelating
agents, but EDTA caused greater uptake than did DTPA (100 vs. 35
jug/g dry weight of leaves, with P = 0.01).

When barley was grown in a noncalcareous soil amended to give a
range of soil pH, applying 15 jug Fe/g soil as FeDTPA along with
cadmium resulted in increased uptake of cadmium (0, 90, 180, and
300 jUg Cd/g soil as CdSO4 was blended into soil before planting)
(Wallace et al., 1977a). Cadmium applied at 90 figjg soil to soil at pH
6 resulted in levels of 69 fig Cd/g dry weight in barley shoots when
added alone and 8£5 ,ug/g dry weight when 15 jug Fe/g soil
(FeDTPA) was simultaneously applied. Thr same cadmium applica-
tion level at pH 4 resulted in 479 fig Ca/g dry weight without
FeDTPA and 981 jug Cd/g dry weight with FeDTPA. There was an
accompanying yield decrease of 54% (yield was already decreased by
the acid soil, but the effects were not additive). The yield values and
cadmium concentrations given here were significantly different at the
0.01 level.

Nickel ;

V

Soybeans [Glycine max L.), PI54619-5-1, were grown in soil at j
two different pH values, with and without CaCO3; with and without j
1000 fxg Ni/g soil added as the sulfate, thoroughly mixed with the
soil, and equilibrated for 1 month before transplanting the soybeans; j
and with and without application of a chelating agent, 100 jug j
DTPA/g soil, which is commonly used to correct iron deficiency in \
plants. The DTPA had little effect on yields but did increase the j
amount of nickel in plants (from 39 to 69 figjg dry weight in leaves I
at pH 7.2) (Wallace et al., 1977b). Nickel added at 1000 //g/g soil il
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killed the plants at the lower soil pH. Stems contained less nickel
than did leaves (39 and 69 jug/g dry weight in leaves at pH 7.2
without and with DTPA, respectively, and 17 and 30 ;ug/g dry weight
in stems for the same conditions). In another experiment in which
100 fig Ni/g soil was added, EDTA greatly increased nickel
concentrations in bush bean leaves grown in Yolo loam soil at pH 6
(from 94 to 500 jug Ni/g dry weight) and simultaneously increased
iron concentrations from 43 to 87 jug/g dry weight (P = 0.01 for all).

Applying DTPA increased nickel transport in bush beans and
increased the ratio of nickel in leaves to that in stems at soil pH levels
of 7.5 and 8.2 (mean ratios were 1.4 and 6.0 without and with
DTPA, respectively, with P = 0.01) but not at pH 4.0 and 5.8 (mean
ratios were 1.1 and 1.5 without and with DTPA, respectively). When
DTPA and other chelating agents were supplied, the leaf-to-steam ratio
for nickel concentrations was greater than that for other trace
metals. In one test with soybeans at pH 6.5, the ratio for nickel was
12.1, compared with 2.6 for the control plants and 1.4 for
sulfur-treated plants at pH 4 (Wallace et al., 1974). The ratio of 12.1
was more than twice, and sometimes four times, as large as for other
trace metals. The sulfur treatment (soil acidification) resulted in
increased nickel uptake also, but only the DTPA increased the
leaf-to-stem ratio of nickel; this indicates a possible effect of DTPA
on increasing transport of nickel through plants.

Cobalt

Cobalt added as CoEDTA was about 30 times as effective as was
an equivalent amount of COSO4 in increasing cobalt concentrations
in both leaves and stems of bush beans grown in calcareous Hacienda
loam soil (Wallace and Mueller, 1973). At an application rate of 25
Hg Co/g soil, leaf concentrations of cobalt were 3.4 /ug/g dry weight
for the sulfate source and 109 fig/g dry weight for the EDTA source.
When NT A at high levels (2500 /ug/g soil) was added to a
noncalcareous soil, the cobalt concentration of bush bean leaves was
increased eight times (from 0.6 to 4.8 jug/g dry weight) (Wallace,
Mueller, and Alexander, 1974). In slightly acid soil (pH 6), addition
of 50 fig DTPA/g soil increased the uptake of cobalt by soybean
plants (from 1.3 to 8.6 jug Co/g dry weight) about the same as did
further acidification of the soil by a sulfur treatment (7 pig Co/g dry
weight). The DTPA, however, increased the leaf-to-stem ratio of
cobalt to 5.2, whereas, with the sulfur treatment, it was 1.4 (Wallace
and Mueller, 1973). This phenomenon is like that for nickel and
indicates transport of the intact cobalt chelate through plants.
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Copper, Iron, Manganese, and Zinc :

Copper, iron, manganese, and zinc are essential trace elements to :
both plants and animals. Deficiencies in plants, especially of iron and V ; s

zinc, are often corrected by applying" metal chelates to soil (Wallace,
1962). Although facilitated diffusion through soil is generally '; !•
considered the most important mode of action of the chelating agent ^ ?
(O'Connor, Lindsay, and Olson, 1971), facilitated transport through ;
the plant is also important (Wallace et al., 1974). It is well recognized ; ;
that chelating agents result in movement of these trace metals in soil. ;

Application of a high rate of NTA (2500 jug/g soil) to a /;:
noncalcareous soil (pH 6) resulted in increased uptake by bush-boan j
plants of all four of these essential trace metals (Wallace, Mueller, ;
and Alexander, 1974). Increases were 31 to 47, 91 to 139, 123 to \
418, and 9.7 to 24.5 /ug/g dry weight of leaves for zinc, iron, \
manganese, and copper, respectively (P = 0.01 for all). The same 1
result was obtained for soybeans with additions of 50 (xg DTPA/g •:
soil; increases were 54 to 131, 62 to 228, 91 to 254, and 7.4 to 39 '"\
fjig/g dry weight of leaves for zinc, iron, manganese, and copper, ;
respectively (P = 0.01 for all) (Wallace et al., 1974). ]

Sometimes there are interactions among these four trace metals \
when chelators are present, and these depend very much on soil pH, j
which is an important factor in metal chelate stability (Wallace, 4
1962). Adding iron chelates to soil can induce manganese deficiency ;
in plants (Wallace, 1962; Holmes and Brown, 1955; Rogers, 1975; j
Rogers, Johnson, and Johnson, 1974). Increased zinc uptake can j
result in decreased iron uptake when chelates are added to soil •
(Wallace et al., 1977a; Wallace, Romney, and Procopiou, 1975). In \
an experiment in which soil pH was varied from 4 to 8.5, iron uptake j
in barley and bush beans was increased by DTPA at pH 4 (83%) and \
pH 6 (53%) but not at pH 7.8 and 8.5. The uptake of zinc and j
manganese, in contrast, was increased by DTPA at pH 7.8 (84 and , \
88%, respectively) and pH 8.5 (184 and 270%, respectively) but not |
at pH 4 and 6 (Wallace et al., 1977a). These interactions complicate
theoretical prediction of effects. Competitive uptake masks the
effect of chelate stability on uptake of specific metels. : !

Americium-241 j

The ability of some chelating agents, especially DTPA, to j
increase plant uptake of 2 4 1 A m has been previously reported j
(Romney e t al., 1976a; Romney et al., 1976b ; Schulz and Tompkins ,
1976 ; Wallace, 1972b ; Wallace, Romney , and Procopiou, 1975 ;
Wallace et al., 1976a) . The differential order of magnitude of • i
increase wi th DTPA addition varies from 1 to 2, bu t sometimes more ;,

i >i



TABLE 1

SOME EFFECTS OF CHELATING AGENTS ON TRACE-METAL AND RADIONUCLIDE
UPTAKE BY PLANTS FROM SOIL

Metal
or

radio-
nuclide

Cd
Cd
Cd
Ni
Ni
Ni
Ni
Pb
Pb
Pb
Pb
Co
Cu

Level
of

metal,
fg/g
soil

100
100
100
100
100
100
100
200
200
200
200

25
25

Chelator
(100^g/g

soil)

EDTA
NTA
DTPA
EDTA
EDTA
DTPA
DTPA
DTPA
DTPA
DTPA
DTPA
EDTA
EDTA

Plant species

Bush bean
Bush bean
Bush bean
Barley
Bush bean
Bush bean
Bush bean
Barley
Bariey
Bailey
Barley
Bush bean
Bush bean

Soil pH

6.0
6.0
6.0
6.0
6.0
5.8
8.2
4.0
6.0
7.8
8.5
7.5
7.5

Leaf concentrations,
jug/g soil

Without
chelator

6.7
6.7

<3.0
5
5

79
13
<1.0

1.0
<1.0
<1.0

3.6
11.0

With
chelator
(100jUg/g

soil)

423
12.8
35

549
500
110

59
5.5

13.0
38.4

230
109
33.7

Reference

Wallace et a!., 1977a
Wallace et al., 1977a
Wallace et al., 1977a
Wallace et al., 1977a
Wallace et al., 1977a
Wallace et al., 1977a
Wallace et al., 1977a
Patel, Wallace, and Romney,
Patel, Wallace, and Romney,
Patel, Wallace, and Romney,
Patel, Wallace, and Romney,
Wallace and Mueller, 1973
Wallace and Mueller, 1973

1977
1977
1977
197 7
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TABLE 2

SOME EFFECTS OF CHELATING AGENTS ON UPTAKE OF SOME
RADIONUCLIDES BY PLANTS FROM SOIL

Leaf-to-soil concentration ratio

Radio-
nuclide

2 4 1 Am
2 4 1 A m
2 4 ' A m
2 4 ) A m
91 y
210pb
2 4 I Am
239pu

Chelator
(lOOpig/g

soil)

DTPA
DTPA
DTPA
DTPA
DTPA
DTPA
DTPA
DTPA

Plant
species

Bush bean
Bush bean
Corn
Corn
Bush bean
Bush bean
Bush bean
Pea

Soil
pH

5.3
7.5
5.3
7.5
7.8
7.5
7.5

9

Without
chelator

3.2 X 10""
4.8 X 10"~
1.5 X 10"
2.2 X 10"
1.5 X 10"
0.12
0.10
7.4 X 10"

l

2

-1
-2

-2

- 4

With
chelator

(100 /ig/g soil)

4.2 X 10°
1.4 X 101

5.5 X 1 0 " '
2.3 X 10°
2.6 X 101

2.4
6.9 X 101

0.55

Reference

>
n

33

o

Adriano et al., 1977
Adriano et al., 1977
Adriano et al., 1977
Adriano et al., 1977
Essington, Nishita, and Wallace, 1963
Hale and Wallace, 1970
Hale and Wallace, 1970
Lipton and Goldin, 1976
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and lower orders than xhese are experienced. In one experiment bush
beans, barley, and two corn hybrids (Zea mays L.) were grown with
and without DTPA in calcareous Hacienda loam (pH 7.5) and
noncalcareous Yolo loam (pH 6) (Wallace et ah, 1976a). The
concentration ratio for 2 4 ' Am was as much as 7 when DTPA was
present. An experiment was conducted in which four new iron
chelates were compared with FeDTPA in their ability to increase
2 4 ' A m uptake from these two different soils. Three of the iron
chelates had very little if any effect on 2 4 ' Am uptake, but an iron
chelate of the phosphine type was pbout 2.5% as effective as was
FeDTPA in bush-bean plants grown in either Yolo loam (pH 6) or
calcareous Hacienda loam (pH 7.5) (Wallace et al., 1976a). That
particular chelating agent will not find application in agriculture.

Adriano and coworkers (1977) studied the effect of DTPA on
2 4 1 Am uptake in limed and unlimed soils. Liming tended to
inactivate the 2 4 1 Am in the soil, but adding DTPA (100 /ng/g soil)
considerably increased the uptake of 2 4 l Am by plants. Without the
lime, DTPA was only slightly effective in increasing 2 4 ] Am uptake.
This implies that the Am—DTPA stability constant is higher at pH
7.5 than at pH 5.3 and that the increased stability constant results in
increased uptake. The DTPA can be thought of as making 2 4 ' Am
soluble and then serving as a vehicle for its movement to roots, where
it is absorbed. There is reason to believe also that DTPA is absorbed
with the 2 4 l A m and permits its transport to plants (Essington,
Nishita, and Wallace, 1963; Wallace, 1972a; Wallace et al., 1974).

Studies with 2 4 1 Am indicate that the chelated radionuelide is
passively transported into plants and is translocated to shoots
(Wallace, 1972b; Wallace et ai., 1977a). Evidence for this point of
view includes the readiness with which 2 4 i Am is transported to
shoots when DTPA is added to soil, with 2 4 l A m generally
accumulating in leaves rather than in stems (Wallace, 1972a; Wallace
et ah, 1977a), and the failure of differential temperature to influence
the process (Wallace, 1972b).

Plutonium-239 and -240

The uptake by plants of 2 3 9"2 4 ° Pu was moderately increased by
the chelating agent DTPA but not nearly as much as was 2 4 l Am
(Romney et al., 1976a; 1976b; Schulz and Tompkins, 1976). An
interesting exception was obtained when soil containing 239-240pu
deposited at the Nevada Test Site several years ago was acidified with
agricultural grade sulfur; then the increased uptake induced by the
chelating agent DTPA was more pronounced for 2 3 9~2 4 ° Pu than for
2 4 ' Am (Romney et al., 1976b).
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DISCUSSION

It is apparent that chelating agents, even when applied as metal
chelates, can facilitate transport of the trace metals through soils,
into plants, and, hence, into food chains. Partial summaries of data
on the effect of chelators on plant uptake are presented in Tables 1
and 2. The data imply that metals added with chelating agents can be
removed from the chelator in the soil and replaced by other metals,
which are then more available to plants. Iron, which is often applied
with chelates, is easily lost from them because of the insolubility of
Fe(OH)j. This could be of considerable practical importance when
soils become contaminated with trace metals. The reactions, how-
ever, are complex (Lindsay, 1974), and under some conditions
generalizations may not appiy. Specific research on possible effects
of chelating agents in any problem contaminated area will be needed.
Our past conclusion that chelating agents applied without iron, zinc,
and manganese are poor sources of these metals (Wallace, 1971)
differs with the effects of chelating agents noted when high levels of
some trace metals are present in the soil also.

Many trace metals induce iron deficiency in plants, and the use
of iron chelates as a corrective measure for iron deficiency is not safe
under some conditions because the iron deficiency may not be
corrected. Also, the chelating agent may increase uptake of the
contaminating trace metal.

Chelating agents, whether synthetic or natural, also facilitate
leaching of trace metals from soils. Whether or not a contaminated
area can be decontaminated by such use is probably a matter of the
economics involved. Such a procedure would move contaminants
into groundwaters, where additional problems may be encountered.
Further research on these matters should be conducted. The
interesting question of whether or not chelating agents are trans-
ported through plants with metals has resulted in considerable study
and some controversy. Many of the problems of this phenomenon
were reviewed year, ago (Wallace, 1962), and it is generally accepted
that, at least with iron, the chelating agent remains outside the root
(Tiffin and Brown, 1961). Most likely, however, the metal chelate
effect described for nickel and cobalt is common for many trace
metals and radionuclides. For example, Essington, Nishita, and
Wallace (1963) found l4C-labeled DTPA in plant shoots equivalent
to the amount of radionuclides taken up. In this case the chelating
agent facilitated the movement of metal not only through roots into
plants but also through stems into leaves.

The application rates of chelating agents in the studies summa-
rized here were generally about five times the rates commonly used
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to correct m.icronutrient deficiencies in plants. Effects, then, when
synthetic chelating agents are used in practical agriculture may not
be as large as those observed here since the levels of chelating agents
applied were so high. In case of accidental spills of nuclear wastes,
however, effects could be great.
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CADMIUM DYNAMICS iN TERRESTRIAL
FOOD WEBS OF A COAL ASH BASIN

SUSAN P. SKINNER, JOHN B. GENTRY, and JOHN P. GIESY, JR.
Savannah River Ecology Laboratory, Aiken, South Carolina

ABSTRACT

Trophic relatic î uips of cadmium were investigated in a terrestrial ecosystem
occupying an island composed entirely of coal ash. The coal ash substrate
contained 0.05 ± 0.01 (SE) /ug/g of water extractable and 0.12 ± 0.002 ng/% dry
weight of total cadmium. Increasing across trophic levels, the cadmium
concentrations were 0.35 ± 0.03 for producers, 0.97 ±0.11 for herbivores
(grasshoppers, crickets, and leafhoppers), and 2.82 ± 0.34 for carnivores
(spiders). The detritivore (snails) level contained the highest concentrations
(16.87 ± 4.44), indicating the importance of litter as a cadmium sink in
terrestrial systems.

Increased release of heavy metals to the environment by anthropo-
genic sources poses a threat of undetermined magnitude to human
health and the environment. Cadmium is considered among the most
toxic of the heavy metals (Buhler, 1972). The occurrence of
"itai—itai" disease in a segment of the Japanese population has been
correlated with high cadmium concentrations in rice irrigated by
waters receiving cadmium-contaminated mine effluent (Yamagata
and Shigematsu, 1970). Such incidents have aroused concern over
the potential chronic toxicity of cadmium and have emphasized the
need for a better understanding of cadmium cycling through
biological systems, including trophic transfers and biomagnification.
Rapid mobilization of cadmium into the biosphere from anthropo-
genic sources can have chronic adverse effects on organisms with
enzyme systems that have evolved with very low concentrations of
this relatively rare element.

658
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Cadmium is released into the environment by a variety of
industrial processes, including coal combustion. Cadmium is more
highly concentrated in coal than the general lithosphere, indicating a
high potential for environmental contamination through combustion.
Gluskoter and Lindhahl (1973) surveyed cadmium contents of 23
Illinois coals and observed a range of 0.3 to 28 ppm, and Hiatt and
Huffs (1975) cited a range of 0.02 to 10 ppm for U. S. coals. The
cadmium content of coal fly ash is somewhat higher, in the range of
12 to 35 ppm, owing to vaporization during combustion and
subsequent condensation on small ash particles (Davison et al.,
1974). Because of the widespread distribution and probability of
increased coal combustion to meet future energy needs, the potential
for cadmium contamination due to fly and bottom ash dispersion is
great. Cadmium is highly enriched in fly ash, which is often not
collected by stack precipitators (Davison et al., 1974; Kaakinen et
al., 1975; Klein, Andren, and Bolton. 1975). Klein, Andren, f.nd
Bolton (1975) projected that 1.1 x 10' tons/year (6.7%) of the
cadmium in coals burned in the United States would be in the
bottom ash, whereas 1.48 x 102 tons/year (90.3%) would be in the fly
ash fraction collected by stack precipitators, with 4.6 tons/year (2.8%)
released to the atmosphere. The resulting projected atmospheric
discharge is estimated to produce an eightfold atmospheric enrich-
ment. Cadmium input into the environment due to coal combustion
is estimated to be equal to or greater than natural weathering
processes (Bertine and Goldberg, 1971).

Surveys of cadmium concentrations in soils and vegetation
proximate to industrial areas have been made (Little and Martin,
1972; Goodman and Roberts, 1971; Lagerwerff and Specht, 1970).
Klein and Russell (1973) and Lindberg et al. (1975) investigated
cadmium inputs into areas adjacent to coal-fired power plants and
found soils and plants containing elevated cadmium concentrations.

Fly ash is presently being used in landfill operations (Carnes,
1975), and the possibilities of employing the nutrient-rich ash as a
soil amendment to micronutrient-deficient plants are being explored
(Martens, 1971). Caution must be exercised to ensure that alternative
disposal methods do not merely provide additional pathways for the
entrance and disperr.ion of trace contaminants into the environment.

Although numerous studies carried out in the laboratory under
controlled conditions have investigated factors influencing plant
cadmium uptake (Francis and Rush, 1973), there have been few
studies concerned with in situ cadmium cycling in terrestrial
ecosystems. Banus, Valiela, and Teal (1975) have analyzed lead, zinc,
and cadmium flow in four compartments of an experimentally
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i
(heavy-metal) ennched salt-marsh ecosystem, and Huckabee and j
Blaylock (1974), using microcosms, analyzed the cadmium distribu- •;
tion in various terrestrial ecosystem compartments following cad-
mium enrichment. Van Hook (1974) traced the transfer of cadmium ;
from soils to earthworms, and Van Hook and Yates (1975) compared i
uptake and elimination rates for two forms of cadmium in crickets , j
and analyzed cadmium bioaccumulation in a producer—omnivore— !
carnivore food chain in laboratory experiments. j

The purpose of this study was threefold: (1) analyze cadmium -"A
concentrations in various trophic levels of an ecosystem on a coal ash 1
substrate composed of bottom and fly ash from coal combustion, J
(2) compare these concentrations to control and literature cadmium J
levels, and (3) determine terrestrial trophic relationships of cadmium. !
This work provides base-line information on cadmium cycling and j
biomagnification and evaluates contamination potential in terrestrial !
systems receiving coal ash. \

STUDY AREA

Samples were collected from a 104- by 380-m island, located in
an ash basin, approximately 600 m southwest of a coal-fired power
plant. The island substrate is composed of coal ash that has
accumulated since 1952. The power plant presently consumes
3.6 x 108 kg of coal annually and has released an estimated
3.6 x 108 kg of fly ash since startup (Horton, 1976). Between 1952
and 1975 the plant operated with mechanical stack collectors that
were 75% efficient. Cadmium inputs to the island are from coal ash
via sluice water from boiler grating, stack precipitators, and aerial
deposition.

The island supports a dense and diverse ecosystem. The year of
the initial colonization is unknown. However, photographs taken in
1956 show a small ash island, and 1966 photographs reveal
vegetation on a larger ash island. Cores taken from three pines on the
island date the trees at 13, 9, and 7 years. The herbaceous vegetation
is dominated by broomsedge (Andropogon virginicus vwc. abbreviates)
and goldenrod {Solidago sp.) with camphor weed (Heterotheca
Hubaxillaris) and other minor forbs and grasses. Scattered over the
island is a series of shrubs and small trees composed of wax myrtle
(Myrica cerifera), black willow (Salix nigra), cottonwood (Populus
deltoides), consumption weed (Baccharis halimifolia), and small
pines (Pinus sp.).

This particular species of Andropogon is found at other sites at
the Savannah River Plant but only in moist habitats such as bogs and
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wet ditches. Gonsoulin (1975> lists A. virginicus (variety not givan)
and Solidago sp., respectively, as dominants on 3- and 8-year ash pits
in middle Tennessee. Also listed as dominants were P. deltoides and
S. nigra. Certain abiotic parameters, such as substrate particle size,
pH, and moisture, can be similar across fly ash substrates; this results
in colonization by many of the same species of plants.

MATERIALS AND METHODS

The island was sectioned by grid coordinates, and 10 randomly
selected sampling locations were marked. Each location consisted of
a central subsampling station, with three other similar stations located
at random angles along 1-, 2-, and 3-m radii from the central station.
Each subsampling station covered an area of 0.25 m2 within each
28.26-m2 sampling location. An 11th location was selected in an
/Indropogoi'i-dominated old field as a control.

Collections were made between Oct. 20 and Nov. 25, 1975.
Plants collected included leaves and stems of A. virginicus, Solidago
sp., B. halimifolia, S. nigra, P. deltoides, and seeds of A. virginicus
and Solidago sp. Plant samples and soil cores were taken from
0.25-m2 plots. Plant samples were collected by clipping stem and leaf
with stainless-steel scissors and pulling seeds from stems a.)d sheaves
with Teflon forceps. Invertebrate samples included grasshoppers
(Acrididae), leafhoppers (Cicadellidae), crickets (Gryllidae), spiders
(Arachnidae), and the snail (Triodopsis vannostrandi). Soil cores were
obtained using a plexiglass tube fitted with a rubber plunger and
frozen intact in plastic bags. Invertebrates were netted within each
sampling location (grasshoppers and leafhoppers) or captured be-
neath 30-cm2 boards (crickets, spiders, and snails) set out near each
subsampling station. Plant and invertebrate samples were transferred
to numbered and washed plastic vials and frozen immediately upon
return to the laboratory. No attempt was made to remove at-
mospheric fly ash deposition from samples before digestion.

Plant and invertebrate samples were lyophilized for 1 week,
weighed, placed in Erlenmeyer flasks, and wet-ashed using concen-
trated redistilled HNO3 and 30% H2 O2. Acid was added in a ratio of
1 ml of acid to 1 g dry weight of sample. Samples were covered with
watch glasses and refluxed at 85°C on a hot plate until solutions
were clear. The flasks were cooled, a volume of 30% H2O2

equivalent to that of the initial acid was added, and samples were
refluxed for an additional 5 min. Samples were cooled and diluted
with double distilled H2O to a known volume containing 10 to 20%
acid and stored in polyethylene bottles.
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Soluble cadmium in soil was determined by water extractions.
Soil core length was recorded, and cores were divided into two
fractions by separating the upper 10 cm from the remainder of the
core. Each fraction was homogenized, and 10-g aliquots were
removed for extraction. Each aliquot was extracted for 1 hr with
100 ml of double distilled H2O in 250-mI Erlenmeyer flasks on a
rotary shaker at 200 rpm and 23CC. The mixtures were filtered
through washed No. 4 Whatman filters, and the supernatant Ieachates
wure stored in polyethylene bottles. Total cadmium concentrations
in ash from the basins were determined by flameless atomization of
an ash suspension. Aliquots of 0.75 g of ash were suspended in 10%
glycerol in distilled H2 O and injected directly into the furnace.

S".::iple contamination was minimized by soaking all glassware
and polyethylene bottles for 12 hr in 2% Contrad (American
Hospital Supply Co., McGaw Park, 111.) and by rinsing them in tap
H2O followed by double-deionized H2O. The glassware was then
soaked 5 min in 1% HC1, rinsed three times with double-deionized
H2O, arid allowed to drip dry.

Cadmium determinations were made by atomic absorp-
tion spectrophotometry. The instruments were equipped with
deuterium continuum background correction systems and graphite
flameless atomizers. Flameless determinations were made in normal
mode with argon as a purge gas. Flame determinations were made
with an air—acetylene fuel-rich flame. The sensitivity for cadmium
determination by flame AA was 0.025 jug/ml, where sensitivity is
defined as the concentration that gives an absorbance reading of
0.004 (1% A). Detection limit in the flame mode was 0.005 Mg/ml
where detection limit is defined as the concentration that gives a
signal greater than 2S* above background. If continuous-flow argon
is used, 2.0 pg of cadmium produces an absorbance of 0.004 units.
The amount of sample injected into the graphite rod atomizer varied
but was usually 10 /xl. If a 10-fj.l sample and the continuous purgo
mode are used, the sensitivity is 2 x 10"4 jug/liter in solution.
Detection limits varied with matrix *o that it is impossible to give a
general value.

All determinations were corrected for reagent blanks that were
carried through digestion and dilution or extraction procedures and j
compared with commercially prepared certified standards. Matrix j
interferences were evaluated in each material analyzed for cadmium |
by using internal standards. Background matrix interferences were j
also checked by determining absorbances at a nonabsorbing analyti- rj
cal wavelength adjacent to the primary analytical line of 228.8 nm. ' \
Absorbances determined at the nonabsorbing wavelength of r |
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226.2 nm resulted in absorbances of between 0.000 and 0.002. The
selected charring and atomization time and temperature regimes
removed all background interferences for flameless cadmium analysis
in all matrices. Internal standard curves had the same slope as curves
constructed from standards in distilled water. When matrix inter-
ferences were absent, an analytical program of 10 sec at 250°C
charring and 4 sec at 1000°C atomization was used. When matrix
interferences were encountered, they were eliminated by adding 25%
(NH4 )2 SO4 equal to the sample volume and increasing charring and
atomization temperatures to 400°C for 15 sec and 1400°C for 4 sec,
respectively.

Sample preparation and analytical procedures were tested by
determining cadmium in bovine liver (BL), standard orchard leaves
(SOL), and fly ash (FA) supplied by the National Bureau of
Standards (NBS). These matrices are analogous to other animal
matrices and allow the evaluation of preparatory and analytical
techniques. The cadmium levels in BL and SOL were below the
detection limits of our flame A A techniques. Using flameless
methods, however, we measured mean cadmium concentrations of
0.31 jug/g dry weight in BL (NBS certified value is 0.27 ± 0.03 jug/g),
0.13,1/g/g dry weight in SOL (NBS certified value is 0.11 ±
0.02 Mg/g)> and 1.32 jug/g dry weight in FA (NBS certified value is
1.45 ± 0.06 jug/g).

Data analyses were performed with an IBM-360, Model 195
Computer, equipped with Statistical Analysis System (SAS) (Service,
1972). Treatment effects were tested for significance by one way
ANOVA. Means were rank ordered from lowest to highest cadmium
levels (Table 2) and separated with a Student—Newman—Keuls
(SNK) multiple range test (Sokal and Rohlf, 1969). Although the
assumption of homogeneity of variance is violated in the ANOVA,
we feel that the robustness of the test minimizes this bias.

RESULTS

Water extractable cadmium from the substrate was significantly
greater in the upper 10 cm at both the ash basin and control site::
(Table 1). Commonly, concentrations of cadmium are greater in
surface than in subsurface soils owing to plant cycling. Organic
matter accumulation in the surface layers also may tend to bind
cadmium and hold it near the surface. Approximately 42% of the
total cadmium associated with the fly ash was extracted into distilled
H, O after 1 hr.
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TABLE 1

MEAN CADMIUM CONCENTRATIONS IN SUBSTRATUM,
PLANT, AND INVERTEBRATE SAMPLES FROM A COAL ASH

BASIN AND CONTROL AREA (OLD FIELD)

Sample

Substratum*
Top 10 cm (total)
Top 10 cm (extractable)
Remainder to water table

(extractable)

Plants
A. virginicust
A. virginicus (seeds)
Solidago sp.
Solidago sp.
B. halimifolia
P. deltoides
S. nigra

Invertebrates
Acrididae
Cicadellidae
Gryllidae
Arachnidae
T. vannostrandi

(shell)
T. vannostrandi

(body)

Coal ash basin

No. of
samples

20
39
40

39
39
31
35
39
34
40

39
6

37
34

8

10

Mean* ± SE

0.12 + 0.002
0.05 + 0.01
0.03 + 0.01

0.20 + 0.02
0.24 ± 0.02
0.25 + 0.04
0.14 + 0.02
0.60 + 0.07
2.19 + 0.22
4.02 + 0.26

0.88 + 0.09
0.89 + 0.38
1.32 + 0.25
2.86 ± 0.34

1.22 + 4.46

16.94 + 4.46

Old field (control)

No. of
samples

3
3

4
4
4

2

4

4

1

1

Mean* ± SE

0.19 ± 0.05
0.08 ± 0.04

0.28 ± 0.07
0.10 + 0.03
0.11 + 0.05

0.30 ± 0.004

-

0.35 ± 0.14
•

f
1.56 ± 0.60 '

0.35 ±

5.55 + i

*Micrograms oer gram of dry weight.
•(•Collected in .5-cm cores.
$Var abbreuiatus.

Mean cadmium concentrations varied widely within and between
sampling categories (Table 1). The coefficient of variability (CV)
ranged from 42% for Salix to 129% for soil. An ANOVA test
excluded sample locational differences between sampling stat ins
within the ash basin as a significant contributing factor to variability
in cadmium concentrations within each sample category. Mean values
ranging from those for Soliriago sp. seeds (0.14 ± 0.02 Mg/g) to
Gryllidae (1.32 ± 0.25) were not significantly different (P > 0.05)
(Table 2). Mean values for P. deltoides (2.19 ± 0.22 jug/g) and
Arachnidae (2.82 ± 0.34 jitg/g) were significantly different from the
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TABLE 2

A MEAN SEPARATIONS ANALYSIS
(STUDENT-NEWMAN-KEULS MULTIPLE RANGE

TEST) OF MEAN CADMIUM LEVELS IN THE
PLANT AND ANIMAL SAMPLES*

No. of Mean,
Samp.'e samples (ig/g

Sotidago sp. (seeds)
A. virgimcus (seeds)
A. virgmicus
Solidago sp.
B. halimifoiia

Acrididae
Cicadellidae
T. vannostrandi (shell)
Gryllidae
P. deltoides

Arachnidae
S. nigra
T. vannostrandi

35
43
43
35
41

43
6
9

37
34

38
40
11

0.14
0.22
0.23
0.23
0.56
0.84
0.89
1.19
1.32f
2.19

2.82t
4.02

16.87

*Means covered by the same line are not significantly
different (P>0.05).

fMean concentrations for Gryllidae and Arachnidae were
significantly different (P<0.05) even though they are covered
by the same line.

lower mean values for Solidago sp. (0.23 ± 0.04 jug/g) and A.
virginicus (0.23 ± 0.02 /ug/g). Cadmium concentrations for S. nigra
(4.02 ± 0.26 jug/g) were significantly greater than all other plant
samples. Triodopsis vannostrandi (body) (16.87 ± 4.44 £ig/g) had
significantly greater mean cadmium concentrations than all other
animal samples. The variability about the mean values for T.
vannostrandi was quite high owing to the smaller sample size.
Cadmium concentrations in the control samples were significantly
lower than those in the ash area samples (Table 1) except for A.
virginicus foliage. However, the comparison is somewhat weakened
by the reduced sample size of the controls,

A more general view of cadmium in the ecosystem is obtained by
grouping the samples into trophic levels as illustrated in Fig. 1.
Andropogon virgimcus, Solidago sp., and B. halimifolia were com-
bined into the producer level. Seeds were excluded since they did not
differ in cadmium concentrations from the other plants in that group
and, in addition, were not likely a significant component of the
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OETRITIVORES
116.87 ' 4.44)

CARNIVORES
(2.82 • 0.34)

I [HERBIVORES
(0.9? • 0.11)

T | PRODUCERS
(0.35 • 0.031

SUBSTRATUM

TOTAL 0.12 • 0.002
EXTRACTABLE 0.05 • 0 "

Fig. 1 Mean (±SE) trophic level concentrations (micrograms \'ii
gram of dry weight) of cadmium in a terrestrial invertebrate food
web.

producer—herbivore food web. The two trees {P. deltoides and S.
nigra) were not included among the producers because they were
quite sparse, unequally distributed, and, being much taller than the
grasses and forbs, were probably less utilized by the herbivores. The
herbivore level consisted of the Acrididae, Cicadellidae, and Gryl-
lidae; the predator, or carnivore, level was composed of the
Arachnidae; and the detritivore level consisted of body tissue of the
snail (T. vannostrandi). For the sake of convenience, the detritivore
level was placed atop the pyramid, although it is more closely
coupled to the producer level than the carnivore level. Triodopsis
vannostrandi is a detritus feeder, and the greatest source of detritus is
plant litter.

Cadmium concentrations increased at each successively higher
trophic level; this results in an inverted pyramid (Fig. 1). Concentra-
tion ratios (CR), defined as the ratios of dry weight cadmium
concentrations in trophic level n to trophic level n — 1, were
calculated. The resulting CR's were 2.77 for herbivore/producer and
2.91 for predator/herbivore. It would be misleading to calculate a CR
for detritivore/predator because, as mentioned, the detritivore '.evel is
more closely linked to the producer level.

DISCUSSION

Although NBS-certified reference materials can be used effec-
tively to evaluate sample preparation and analytical techniques
derived for these materials, they may not be appropriate for all
analogous biological and geological materials. Matrix effects on
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cadmium analyses not only varied between plant and animal samples
but between species and tissue types. The results of this study
demonstrate the importance of optimizing analytical conditions fcr
each matrix of interest. Matrix effects of each soil, plant, or animal
sample must be addressed individually. Although internal standards
are tedious and on occasion can be misleading, they provide the best
means of evaluating matrix interferences and correctives.

Cadmium dynamics of a natural system on a coal ash substrate
have received little investigation. However, high trace metal concen-
trations, especially in the plants, might be expected owing to the
relatively high cadmium concentrations associated with coal and coal
ash. In this study cadmium levels in grasses and forbs (Table 1) were
close to those reported by Iluckabee and Blaylock (1974) for A.
virginicus (0.21 ± 0.02 jug/g) and Fescue sp. (0.28 ± 0.21 //g/g)
growing on soils far removed from industrial contamination. Klein
and Russell (1973) reported cadmium concentrations in plants
growing on background and cadmium-enriched soils of 0.12 and
0.35 ppm, respectively, whereas Purr et al. (1975) found cadmium
levels of 2.1 ppm in clover grown on control soils and 3.2 ppm on fly
ash. These levels approach those of the trees, P. deltoides and S.
niger, in the present study. According to Huckabee and Blaylock
(1974), trees readily translocate cadmium into the foliage and tend
to release it slowly, which results in high concentrations. Van Hook
and Yates (1975) reported a soil—plant ratio of 1.0 for cadmium in a
grassland food chain, which indicates that plants accumulated but
did not concentrate cadmium. Concentration ratios for soil—plant
relationships can be misleading because of relative solubilities of
cadmium in soil solution and translocation to the plant but can be
used as an indication of cadmium input into food webs.

The distribution of an element or contaminant in a biological
system depends upon the manner in which it moves through
successive food webs. Interactions of assimilation and turnover rates
determine whether concentrations of radionuclides increase or
decrease over successive trophic levels (Reichle, Dunaway, and
Nelson, 1970). When plant and invertebrate groups collected from
the coal ash basin are combined and arranged in appropriate trophic
levels (Fig. 1), relationships between cadmium uptake and ecosystem
function are more readily apparent. Cadmium levels increase uni-
formly from producers to carnivores with respective CR of 2.77 for
herbivore/producer and 2.91 for carnivore/herbivore. The CR's are
high compared with those in other investigations of terrestrial food
webs. For example, Reichle and Crossley (1969), Crossley (1969), and
Anderson, Gentry, and Smith (1973) reported ratios of radiocesium
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concentrations ranging from 0.29 to 0.51 (primary producer/primary
consumer) and 0.50 to 0.96 (primary consumer/secondary con-
sumer) for forest and old-field communities. However, cesium differs
from cadmium, a divalent transition metal. Van Hook and Yates
(1975) in a study involving experimentally applied cadmium ob-
served a CR of 0.60 for plant/omnivore (cricket) and of 0.71 for
orrnivore/predator (spider). This biodiminution at higher trophic
levels indicates that animals at eacii successive trophic level were able
to discriminate against cadmium; this resulted in low assimilation
or selective elimination of cadmium. In the present study there were
successive trophic level increases in cadmium concentration resulting
in biomagnification at each successive level. Such a contrast to other
studies indicates the possibility of different mechanisms operating in
the present study.

It is well recognized that insects constitute an important biotic
component of terrestrial ecosystems (Price, Rathcke, and Gentry,
1974). Their high densities and large biomass make them significant
contributors to the energy flow from primary producers to carni-
vores. Insects accounted for 81% of the total energy flow through
the herbivores in an old-field (Wiegert and Evans, 1967). Energy
production by grasshoppers and tree crickets in an old-field
community was 33 times greater than by mice and 100 times greater
than by sparrows (Odum, Connell, and Davenport, 1962). Since
insects are an abundant energy source in any community, they are
important in the food chain of many beneficial insects and
vertebrates, allowing for the flow of contaminants to the higher
trophic levels.

As more knowledge of cadmium behavior in ecosystems is
accrued, it is becoming apparent that detritivore organisms are
important in elemental cycling within food webs. Detritivores
(Triodopsis sp.) collected from the ash island contained extremely
high concentrations of cadmium compared with those of other
trophic levels. This phenomenon has been recorded in other
investigations. For example, Van Hook (1974) reported mean
cadmium levels in earthworms of 5.7 ppm compared with 0.35 ppm
for soils, an accumulation of over 20-fold. In studies of cadmium
behavior in a grassland arthropod food chain, Van Hook and Yates
(1975) observed greater cadmium levels in an omnivore (cricket)
than in a predator (spider). In the present study, cadmium
concentration in the cricket (Gryllidae) was the highest among the
arthropods. Huckabee and Blaylock (1974) found that cadmium in
terrestrial systems accumulates in the litter and concluded that
cadmium would, therefore, be more available to organisms whose
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food base is litter. The same phenomenon has been observed in
aquatic systems where mercury has been shown to accumulate in
detritus-feeding marine fishes (Cocoros. Cahn, and Siler, 1973).
Similarly, Van Hook and Yates (1975) observed the highest cadmium
concentrations in the detritus component of their grassland eco-
system. Thus, the snails that make UD the detritivore level of the ash
island food web are accumulating cadmium through the litter. Much
of the cadmium associated with litter is likely the result of aerial
input, via both direct dry deposition and wet deposition of rain
(Wedding et al.,1975). Lindberg et al. (1975) reported cadmium to
be more concentrated in the ash discharged through the stack than in
that collected by the precipitator. The ash island has received more
than 3 kg/m2 fly ash deposition between 1952 and 1975(Horton,
unpublished data). Since gut contents were not removed prior to
analysis, a portion of the cadmium found in the snail body may be
due to the direct ingestion of cadmium-bearing fly ash particles.
Although approximately 42% of the total cadmium in the ash was
extractable by H2O, larger quantities may be available due to
chemical—physical conditions in the gut.

Cadmium levels increased with successive trophic levels in the
plant—arthropod community occupying the coal ash island, with the
lowest cadmium concentrations in the primary producers. This is in
contrast to aquatic systems in which heavy metal concentrations
decline along successive trophic levels. Knauer and Martin (1973),
Fujita and Hashizume (1972) and Cocoros, Cahn, and Siler (1973)
found that cadmium, as well as mercury, accumulates in phytoplank-
ton at greater levels than in zooplankton. Phytoplankton sorb metals
directly from the aqueous environment in which they are suspended,
whereas plants sorb metals that are translocated through the soil
interstitial water and plant vascular system. The relatively high
concentration ratios into phytoplankton are probably due to the large
surface-to-volume ratio and continuous renewal of metal-containing
water near the cell surface. In subtidal invertebrates Schwimer
(1973) reported cadmium biodiminution from herbivores to preda-
tors. Rolfe and Haney (1975), studying lead in stream sediments,
found no bioaccumulation through the aquatic trophic structure, and
Mathis and Kevern (1975) reported lower cadmium concentrations in
fish than in zooplankton and aquatic macrophytes.
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USING RADIOECOLOGICAL DATA TO DETERMINE
PREY SELECTION BY THE ALASKA WOLF

D. F. HOLLEMAN and J. R. LU1CK
Institute of Arctic Biology, University of Alaska, Fairbanks, Alaska

ABSTRACT

Recently the predation of the Alaska wolf (Cants lupus pambasileus) upon
various species of big game has been the subject of considerable controversy
between game management specialists and environmentalists. The basis of this
controversy centers primarily on the selectivity and extent of prey utilization by
the wolf. This report suggests how radioecological data can be used to assess
both quaJitative and quantitative aspects of wolf predation.

Primary prey species of the wolf have distinctly different fallout radiocesium
body burdens; e.g., r»indeer/caribou have high radiocesium body burdens,
whereas moose and small game have low radiocesium body burdens. Conse-
quently, the resulting radiocesium body burden of the wolf depends upon the
type and quantity of prey species consumed. Laboratory measurements for this
study show a wide variation of radiocesium concentrations of skeletal muscle of
wolves within Alaska. Values ranged from 263 to 17,300 pCi ' 37Cs/kg of wet
muscle. These data relate to known degrees of reindeer/caribou predation by the
wolves.

A radiocesium kinetic model was constructed from data obtained with
wolves and other arctic carnivores and was used to estimate reindeer/caribou
intake by wolves. Estimates ranged from 40 to 1650 g of reindeer/caribou
muscle per day per wolf. Although the application has limitations, it could yield
useful information for evaluating the food habits of wolves, especially in areas of
the state where it is important to know the extent of reindeer/caribou utilization
by the wolf.

Artificially labeling an animal's food with a tracer and subsequently
monitoring the animal's body burden of the tracer constitute a
well-established method for determining quality and quantity of
food intake. In principle, the method has been limited to smaller
animals with rather restricted ranges of movements, e.g., in insects

673
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(Kastings and McGinnis, 1965; Crossley, 1966; Kevern, 1966; Kowal,
1969; Malone and Nelson, 1969). Limitations of the method are
primarily due to technical problems involved in uniformly labeling
food sources of larger free-roaming animals. However during the last
two decades, atmospheric testing of nuclear weapons and subsequent
worldwide distribution/deposition of radioactive fission products
have resulted in a labeling of forages and food sources. This has made
possible the estimation of food consumption for animals feeding on
these fallout-labeled forages and food sources (Holleman, Luick, and
Whicker, 1971; Alldredge, Lipscomb, and Whicker, 1974; Hanson,
Whicker, and Lipscomb, 1975).

Radioactive fallout as a biological tool is a relatively new
concept, and perhaps the most promising application is related to
food consumption by animals, i.e., evaluating food intake both
qualitatively and quantitatively. This application has the greatest
potential in subarctic and arctic regions where lichen is an important
source of nutrients to reindeer and caribou, and several speoies of
carnivores prey upon such reindeer and caribou. Lichens and mosses
of subarctic and arctic regions efficiently accumulate and retain
fallout radionuclides. These plants maintain significant quantities of
fallout radioactivity in biological circulation for many years follow-
ing initial deposition. These phenomena result in the selective
labeling of lichen and mosses when fallout deposition ceases or
becomes insignificant compared to previous years. At present, lichen
and mosses have radiocesium concentrations 10 to 100 times those
found in other plants. Furthermore, reindeer/caribou feed exten-
sively upon lichen. Thus, a food source for carnivores, including the
wolf, has been labeled with certain fallout radionuclides.

The fallout fission product, radiocesium ( l 3 7Cs), possesses
several desirable characteristics as a forage or food label. These
characteristics include high fission yield, a relatively long physical
half-time (30 years), and an easily detectable gamma-ray emission.
An important related biological characteristic of cesium is its
chemical similarity to potassium, an important bioelement. Since
cesium, as does potassium, concentrates in muscle tissue, rather large
body burdens accumulate in animals with moderate radiocesium
intake rates.

The objective of this paper is to present a method for assessing
prey utilization by wolves in areas where reindeer/caribou are
potential prey species. The method relies upon radioecological data,
namely fallout radiocesium concentrations in biota. Preliminary
evaluation of the method was accomplished by radioassaying samples
of wolf skeletal muscle collected at various sites within the state.
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These sites represented geographic areas where the abundance of
reindeer/caribou relative to moose varied widely. Once the relation-
ship between the radiocesium body burden of the wolf and prey
selection by the wolf is established, the method has the potential of
yielding information concerning the food habits for wolves. Such
information is essential if realistic game management programs are
implemented in various areas of the state where wolves may be of
significant importance as predators of big game species.

MATERIALS AND METHODS

Samples of wolf skeletal muscle were obtained from the Alaska
Department of Fish and Game. The wolves were collected during the
winter months of 1974—1975 and 1975—1976 in connection with a
wolf control program within the state. A few samples were obtained
from trappers. Approximately 1 kg of lean muscle from the upper
hind leg was radioassayed using a multichannel analyzer/NaI(Tl)
detector system. The system had been previously cross-calibrated
with instrumentation from two other laboratories that were radio-
assaying environmental samples for ' 3 7 Cs. Muscle samples from
moose, caribou, and hares were processed and analyzed in a manner
identical to that used for the wolf samples.

Wolves were collected from six sites throughout Alaska, namely,
the Brooks Range, Seward Peninsula, Denali, Fairbanks South,
Fairbanks North, and Yakutat (Table 1). The locations of the six
collection sites are illustrated in Fig. 1. Hatched areas in Fig. 1
indicate present reindeer and caribou ranges within the state.
Although only a single sample was available from the Brooks Range,
the site was included in this study since it represents an area
distinctly removed from the other areas. The sample was obtained
from the central Brooks Range near Dietrich Pass, an area with
limited numbers of moose and an abundance of caribou. The Seward
Peninsula on the western coast of Alaska is used extensively for
domestic reindeer herding. There are also occasional migratory
caribou in the area. Wolves prey rather heavily upon the reindeer,
and this has prompted wolf control programs in an attempt to reduce
the effects of wolf predation. Moose are also present on the Seward
Peninsula but are less abundant than reindeer and caribou.

The Denali area, south of the Alaska Range, is the present range
of the Nelchina Caribou Herd. The population of this herd has
declined in recent years, but caribou are still available as prey to
wolves. Moose are also prevalent throughout the entire area.
Fairbanks South is a site in the foothills of the Alaska Range
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TABLE 1

FALLOUT RADIOCESIUM CONCENTRATIONS IN
SKELETAL MUSCLE OF WOLVES SAMPLED FROM

DIFFERENT SITES IN ALASKA

Site

Brooks Range

Seward Peninsula

Denali

Fairbanks South

Fairbanks North

Yakutat

Pack
identification

Unknown

A
B
C

Unknown

A
B

Unknown

Unknown

Unknown

No. of
wolves

1

5

9
4
2
4

19

6
3
6

15

12

3

)

Mean

17,300

8,800

1,215
1,182
3,590
3,018

1,838

606
2,140
1,479

1,262

429

551

7 Cs Concentration*

Standard
deviation

777

465
174

6
2409

1418

176
115

1132

916

133

98

Range

8050-9830

914—2172
923—1298

3590-3600
1160-3859

914-3859

429—829
2010-2220
535-3380

429-3380

263—664

494-665

*pCi/kg of wet muscle.

approximately 80 km south of Fairbanks. Moose are abundant in the
area, and a relatively small caribou herd is present. Fairbanks North
is a site adjacent to the city of Fairbanks where moose and small
game are available as prc-y; however, there are no caribou or reindeer
in the area. The Yakutat site located on the southeastern coast of
Alaska has a resident moose population but no caribou or reindeer.
Small game such as hares, rabbits, rodents, and birds are available as
prey in all areas.

Qualitative aspects of prey selection by wolves were inferred
from relative concentrations of fallout radiocesium in wolf muscle.
The great jr the concentration, the greater the probability of
dependence upon a food source high in radiocesium, namely,
reindeer or caribou. Quantitative information can be obtained from
the present data provided that the in vivo kinetics of body cesium of
the wolf are known. From this in vivo kinetic information and the
cesium body burden of the wolf, the fallout radiocesium intake that
would result in such a cesium body burden can be calculated.



PREY SELECTION BY THE ALASKA WOLF 677

Brooks Range
Sew/ard Peninsul
Dena
Fairbanks South
Fairbanks North
Yakutat

Fig. 1 A map of Alaska indicating the six sites where wolves were
collected. Hatched areas indicate present reindeer and/or caribou
ranges.

Further, if the radiocesium intake of a wolf and the radiocesium
concentration in the food source are known, then the quantity of
food consumed can be estimated. For this study quantitative
information concerning reindeer/caribou consumption by wolves was
calculated from in vivo kinetic data as determined for arctic wolves
in an earlier study (Holleman and Luick, 1976). During this earlier
study a two-compartment model and an absorption factor of unity
for ingested radiocesium were used to describe the in vivo kinetics of
radiocesium in the wolves. The same model and absorption factor
were used in the present calculations. Derivation of the equation lor
a two-compartment model and the application of the equation in
food intake determinations have been presented in detail (Holleman,
Luick, and Whicker, 1971).
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It should be noted that, for the present estimates of food intake
for wolves, it was assumed that the in vivo kinetic data obtained
from the earlier studies also applied to the wolves sampled in this
investigation. It was further assumed that the reindeer/caribou
muscle consumed by the wolves at all sites had a mean fallout
radiocesium concentration of 8270 pCi/kg of wet muscle. This
concentration is the mean radiocesium concentration in caribou
muscle as measured in 14 samples collected during March 1976 in
interior Alaska. The radiocesium concentration in other potential
food sources, such as moose muscle and small game, was considered
negligible compared to that of reindeer/caribou muscle. The radio-
cesium body burden of the wolf was calculated from the radiocesium
concentration in wolf muscle by assuming that 40% of the body
weight (40 kg) was skeletal muscle (Luick, 1974) and that 80% of
the radiocesium body burden was located in skeletal muscle
(Holleman, Luick, and Whicker, 1971).

RESULTS AND DISCUSSION

The radiocesium body burden of an animal depends upon the
radiocesium intake, the absorption of ingested radiocesium, and the
in vivo kinetics of cesium. The various prey species of the Alaskan
wolf are presently differentially labeled with fallout radiocesium;
therefore, radiocesium intake will depend upon prey selectivity.
Radiocesium concentrations in caribou muscle as measured in 14
samples collected during March 1976 in interior Alaska ranged from
6000 to 11,500 pCi/kg of wet muscle with a mean of 8270 pCi/kg.
The concentration of radiocesium in moose muscle collected in
interior Alaska during winter 1976 ranged from 50 to 130 pCi/kg for
six samples. The concentration of fallout .radiocesium in most small
game animals is similar to moose; however, measurements in arctic
hares collected during the winter of 1973 from the Seward Peninsula
ranged from 600 to 2500 pCi/kg of wet muscle. Other measurements
during the past 8 years substantiate the existence of differential
labeling of reindeer/caribou and moose/small game species at other
sites within the state (Luick, 1971; 1972; 1974). It is on the basis of
this differential labeling that inferences concerning prey selectivity
can be realized.

Muscle samples from 55 wolves collected from the six sites
discussed earlier were assayed for ' 3 7 Cs. The results in Table 1 show
that radiocesium concentrations ranged from 263 to 17,300 pCi/kg
of wet muscle. Values were strongly dependent upon collection site.
Radiocesium body burdens were the highest in the Brooks Range and
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Seward Peninsula which suggests that wolves at these sites predomi-
nately prey on reindeer and/or caribou. At sites such as Fairbanks
North and Yakutat, where reindeer or caribou are not available as
prey, the radiocesium body concentrations were low. Radiocesium
concentrations in muscle of wolves from the Denali and Fairbanks
South sites were between the extre.ne values of the preceding sites,
which suggests a dependence upon both moose and/or small game
species as well as caribou for prey. Some wolves from the Denali and
Fairbanks South sites were collected in such a manner that the
wolves could be definitely identified as members of the same pack. If
the wolves could be segregated into packs, then a large percentage of
the variability in radiocesium muscle concentration for a given
collection site would seem to be attributable to differences in prey
selectivity between packs. For example, Fairbanks South packs A
and B were vastly different in levels of muscle radiocesium although
wolves within each pack had similar levels of muscle radiocesium
(Table 1). This would be expected if members of each pack had
similar diets while different packs in the same geographic area had
quite different diets. Caribou are both gregarious and migratory and
may not be available to all wolf packs in a given area at any one time.

Using cesium in vivo kinetic data for arctic wolves (Holleman and
Luick, 1976) and a mean radiocesium concentration of caribou
muscle as measured during March 1976, reindeer/caribou consump-
tion rates were calculated for the wolves listed in Table 1. The
resulting rates were 1650, 839, 175, 120, 41, and 52 r. of
reindeer/caribou muscle per day per wolf (assuming a 40-kg wolf) for
the six sites as listed in Table 1, respectively. It should be noted that
these values are equivalent reindeer/caribou muscle consumption
rates, i.e., the daily intake rates of reindeer/caribou muscle at a
concentration of 8270 pCi/kg that would result in a radiocesium
body burden as measured for the wolves. It was assumed that
negligible radiocesium was derived from food sources other than
reindeer/caribou muscle.

Quantitative data on food intake for wolves in arctic regions are
scanty. Kuyt (1971) reported an annual take of 23 caribou per adult
wolf for a study conducted in the Canadian Arctic. This would be
equivalent to approximately 2000 g of caribou muscle per day per
adult wolf, assuming a body weight of 80 kg per caribou, of which
40% is muscle consumed by the wolf. For caged wolves, maintained
on ad libitum diets in northern Alaska, the daily intake ranged from
1400 to 2300 g of fish or meat (Lentfer and Sanders, 1973). The
present food intake estimate for the Brooks Range wolf falls within
the latter range; however, if the food intake range for caged wolves
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was equal to or less than that of free roaming wolves., it would appear
that all other wolves listed in Table 1 were consuming significant
amounts of moose and/or small game.

Limitations of the method as applied to a particular site are
mainly related to uncertainties in basic information concerning the
prey and predator, such as radiocesium concentrations in prey
species and in vivo radiocesium kinetic data of the free-roaming
predators. Although limitations exist, the method can yield useful
information in evaluating the food habits of wolves, especially in
areas where it is important to know the extent of reindeer/caribou
utilization as prey by the wolf. Such data are extremely pertinent to
game management programs concerned with the effects of wolf
predation on big game populations. The method also provides a
means of quantifying food intake in free-roaming wolves not
heretofore possible.
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CALCIUM, STRONTIUM-89, STRONTIUM-90, AND
CESIUM-137 IN PREGNANT WHITE-TAILED
DEER AND RELATED FETUSES

E. W. RABON
Savannah River Plant. E. I. du Pont de Nemours and Company, Aiken,
South Carolina

ABSTRACT

placenta of 41 does were compared with corresponding concentrations in 61
related fetuses of various ages. Calcium in bone was independent of age in does
and fetuses, averaging 38.4 and 38.1%, respectively. The percent calcium in fetal
bone ash was not affected by the number of fetuses. Highly significant
correlations (P < 0.01) were shown between levels of l 3 7 C s and 4 0 K in the
placenta and muscle tissues of individual does. Correlation (r = 0.78) of ' 3 7Cs in
does with that in fetuses was statistically significant (P < 0.01). Several
significant correlations were shown between does and their fetuses; however,
none showed a high predictability, the highest being 61%. Predictabilities
between twin fetuses fi>r the parameters studied were all >75%.

Although a number of studies have reported the levels of radiocesium
accumulation and distribution in body tissues of various species of
game animals, none of the studies provide extensive data on
relationships between the patterns of contamination found in
pregnant females and those of their unborn fetuses. Investigation of
radiocesium contamination levels of white-tailed deer (Odocoileus
uirginianus) inhabiting the Energy Research and Development Ad-
ministration's Savannah River Plant, near Aiken, S. C, provided an
opportunity to study these relationships in pregnant does and their
single and twin fetuses. The Savannah River Plant (SRP) is a research
and nuclear production facility about 775 km2 in area located in the
upper coastal plain of South Carolina in Aiken, Barnwell, and
Allendale counties. At the time of acquisition in 1951, about

682



CALCIUM, STRONTIUM, AND CESIUM IN DEER 683

two-thirds of the area was forested, and the remainder was :n
croplands and pastures. By 1962, about 80% was planted in
commercial timber. The habitat consists of river swamp, young and
old pine plantations, old fields, railroad cuts, and abandoned home
sites. The abundant vegetative covering and the rigid security
provided excellent protection for a white-tailed deer population with
a high reproductive potential (Payne, Provost, and Urbston, 1966;
Urbston, 1967; Urbston and Rabon, 1972).

In early 1965. the need for managing the deer population was
evident because of the rapidly increasing frequency of deer—vehicle
collisions on SRP roads. Thus the first organized public deer hunt
was held at SRP in the fall of 1965. Extensive monitoring for
radionuclides in deer was done before, during, and after hunts to
assure that the meat was safe for human consumption and to
determine radioactivity contamination patterns, if any, for the deer
herd at the SRP. As indicated by Rabon (1968), Marter (1970), and
Brisbin et al. (1974), several terrestrial and swampland habitats
inhabited by SRP deer have been contaminated over the past 15 to
20 years with low-ievel radionuclides, mostly radiocesium, re-
leased from time to time in production reactor effluent streams. The
ecological and health-related significance of the radiocesium con-
tamination levels found in this deer herd were reviewed by Jenkins
and Fendley (1968) and Marter (1970). Radiation dose computa-
tions, based on Federal Radiation Council Report No. 7 (1965),
indicated no hazard to persons consuming meat from deer killed
during the 4-year investigation.

An outgrowth of this monitoring program was the opportunity
to collect pregnant deer during various stages of the gestation period
and to determine concentrations of calcium and R 9 •9 ° Sr in bone and
1 3 7Cs and 4 0 K in muscle and placenta. Attempts were also made to
determine whether the concentrations of these elements differed
among does and their fetuses and whether there were differences
among singletons and twin fetuses of various age classes.

METHODS

Deer were collected during the peak gestation periods (January
to June) ir. 1966 to 1969. Eighty percent of these were collected
from March through May. The peak breeding period for white-tailed
deer at SRP is from mid-October to mid-December; this is followed
by a gestation period of 200 to 210 days (Payne, Provost, and
Urbston, 1966).
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Most deer were collected with high-velocity rifles along deserted
roads at night. A few specimens were also obtained as the result of
deer—vehicle collisions. The ages of does were determined by tooth
wear and replacement (Severinghaus, 1949). The age classes of
fetuses were based on developmental criteria described by Armstrong
(1950). Two hundred days was used for the upper limit of prenatal
age.

Long bone samples (10 to 15g) from fetuses and dams were
ashed in a muffle furnace at 550°C, weighed, and digested with
HNO3. Calcium was determined in bone ash by two replicate
titrations with EDTA (Welcher, 1958). Procedural error in the
calcium analyses was less than 1%. Radiostrontium in bone was
determined by using C6K2O6 as a selective agent for precipitating
strontium from large amounts of calcium in solution (Weiss and
Shipman, 1957; Boni, 1963). After the strontium was separated from
the calcium, it was precipitated as an oxalate, planchetted, and
counted in a proportional beta counter. The average procedural
deviation from the mean was ±16%.

Gamma-emitting radionuclides were determined in fetal thigh
muscle and thigh muscle and placenta of does by digesting samples of
approximately 50 g (wet weight) with HNO3 and counting each for
10 min (a few muscle tissue samples from small fetuses were counted
900 min) in an 8 by 15 cm well of a 23 by 23 cm Nal(Tl) crystal
connected to a 400-channel pulse-height analyzer. Cesium-137 and
4 ° K were the only gamma emitters that were consistently twice the
detection limit. The detection limit for 1 3 7Cs was about 0.2 pCi/g
tissue, and the counting efficiency was 40%.

RESULTS

Forty-one does and 61 related fetuses were sampled. Two
additional fetuses were also sampled although corresponding doe
tissues were not obtained. The fetuses, ranging in age from 61 to 200
days, consisted of 24 singletons, 18 sets of twins, and one set of
triplets. Ages of the does ranged from 1 to 10.5 years.

Analyses of the following parameters revealed no differences
between does carrying single and those carrying twin fetuses: age in
months (x = 28.2, F = 0.09, P = 0.77, df = 41); percent calcium in
bone ash (x = 38.5, F = 1.70, P = 0.25, df =9); pCi 8 9-9 0Sr/g bone
ash (x= 45.0, F = 1.03, P = 0.39, df = 13); pCi 40K/g wet muscle
(x = 2.6, F=1.49, P = 0.24, df=36); pCi 137Cs/g wet muscle
(x = 3.6, F = 1.58, P = 0.22); pCi 40K/g wet placenta (x= 1.4,
F=1 .34 , P = 0.29, df=16); pCi 137Cs/g wet placenta (x = 1.2,
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F = 0.68, P = 0.52, df=16). Variations in sample sizes in these
comparisons were caused by the fact that in several cases measure-
ments of one or more parameters were lost during sample field
collection or laboratory analysis. Since no differences were revealed
by any of the comparisons, values from all does were combined in
subsequent analyses regardless of the number of fetuses carried.

A correlation analysis for all does considered together is
presented in Table 1. There were highly significant correlations
among levels of l 3 7 Cs and 4 0 K in both the placenta and muscle
tissues of individual animals. The only other significant correlations
shown were among levels of 8 9 >9 ° Sr per gram of bone ash and ' 3 7 Cs
per gram of wet muscle of individual does. None of the other
correlations examined were statistically significant (P > 0.05).

Comparisons of similar parameters among single and twin fetuses
were made using values selected from one member of each pair of
twins chosen at random. These comparisons revealed no differences
among single and twin fetuses with respect to the following
parameters: age in days (x= 129.8, F = 0.61, P = 0.44, df=41);
percent calcium in bone ash (x = 38.2, F = 1.50, P = 0.24, df = 27);
pCi 8 9-9 0Sr/g bone ash (x= 26.6, F = 1.63, P = 0.22, df=24);pCi
1 37Cs/g wet muscle (x = 2.4, F = 0.52, P = 0.60, df = 40); pCi 40K/g
wet muscle (x = 2.5, F = 1.53. P = 0.23, df = 30). Again, variations in
sample sizes were caused by missing values for certain parameters for
some individuals. Since no differences were revealed by any of these
comparisons, values for single fetuses were lumped with those of one
randomly chosen member of each pair of twin fetuses for all
subsequent analyses.

A correlation analysis for all fetuses combined is shown in
Tablp 2. Only the levels of ' 3 7 Cs and percent calcium in fetal bone
ash were significantly correlated (P = 0.0035). All other correlations
were statistically insignificant (P > 0.05).

Correlations among parameters measured for pregnant does and
those for their fetuses are given in Table 3. Age of doe, percent
calcium per gram of bone ash of doe, and picocuries 4 ° K per gram of
wet muscle of doe all failed to show any significant correlation with
the various parameters measured for their fetuses. Levels of 8 9 > 9 0Sr
in does were significantly correlated with cesium levels in fetuses,
as were 4 ° K levels in both does and fetuses. Levels of cesium in both
fetuses and placentas were also correlated. Cesium levels in does were
correlated with a number of parameters in their fetuses, including
picocuries ] 37Cs per gram of wet muscle, percent calcium in bone
ash, and age of fetus.

There were insufficient data to determine whether or not levels
of 89>90Sr were correlated between individual members of a pair of



TABLE 1

LINEAR CORRELATION BETWEEN AGE AND RADIONUCLIDE
CONCENTRATION IN FEMALE WHITE-TAILED DEER FROM THE SAVANNAH

RIVER PLANT*

Age
Calcium
89,90Sr

137Cs
4 0 K

PlCs
P1K

Age,
months

1.00
48
52
40
37
17
17

Calcium,
% in bone

ash

-0.09
1.00

48
10
10

8
8

89-90Sr,
pCi/g

bone ash

-0.10
0.11
1.00

14
14

9
9

l 3 7Cs,
pCi/g

wet muscle

-0.15
0.50

0.62t
1.00

37
17
17

40K,
pCi/g wet

muscle

0.27
-0.12
-0.34
-0.12

1.00
17
17

PlCs,
pCi 137Cs/g
wet placenta

-0.04
0.51
0.26
0.901

-0.24
1.00

17

P1K,
40K/gwet
placenta

0.09
0.28

-0.29
-0.14

0.62$
0.01
1.00

>
CO
o

*Data from all animals were combined regardless of the number of fetuses carried. Values above the diagonal
indicate correlation coefficients (r values), and values below the diagonal indicate sample sizes.

tSignificant correlation (P < 0.05).
XHighly significant correlation (P < 0.01).
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TABLE 2

LINEAR CORRELATION BETWEEN AGE AND RADIONUCLIDE
CONCENTRATION IN FETAL WHITE-TAILED DEER OF THE

SAVANNAH RIVER PLANT*

Age

Calcium
89,90Sl.
137Cs

Age, days

1.00

28

25

41

31

Calcium,
% in

bone ash

-0.03

1.00

25

28

18

8 9 '9 0Sr,
pCi/g

bone ash

0.36

0.21

1.00

25

15

1 3 7Cs,
pCi/g wet

muscle

-0.10

0.54t
0.07

1.00

30

4 0K,
pCi/g wet

muscle

0.21

0.16

0.36

-0.33

1.00

•Data for single fetuses are combined with those for one randomly-chosen member of
each pair of twin fetuses. Values above the diagonal indicate correlation coefficients (r
values), and values below the diagonal indicate sample sizes.

tHighly significant correlation (P < 0.01).

twin fetuses. However, all other radionuclide measurements showed
highly significant correlations between members of pairs of twin
fetuses, with linear correlation coefficients ranging from 0.87 for
picocuries 4 °K to 0.92 for picocuries ' 3 7Cs per gram of wet muscle.
Coefficients of variation were calculated for l 3 7 Cs levels in muscle
of all does as a group, of all does and their related single fetuses, and
of all does and their related twin fetuses. The coefficients of
variation for the three respective groups were quite similar, 0.60,
0.56, and 0.55. A coefficient of variation calculated for each pair of
related twins did not exceed 0.13.

DISCUSSION

There were no significant differences in calcium contents of long
bone ash of fetuses of different age classes, of fetuses and does, or of
does of different age classes (Table 3). Schultz and Longhurst (1963;
reported an average calcium content of 37.6 ± 0.19% in ash of
mandibles from 49 yearling Columbian black-tailed deer (Odocoileus
hemionus columbianus). Brechbill, Engel, and Kramp (1967) found
37.6% calcium in bone ash of hock joints from six species of
ruminants, with small differences among species from 18 different
areas throughout the United States. Schultz (1967) found 37.8%
calcium in mandible ash of Maryland white-tailed deer and indicated
that fawn mandibles contained 1 to 2% less calcium than mandibles
of older deer. Data obtained in this study show calcium to be
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TABLE 3 j

CORRELATION BETWEEN AGE )
AND RADIONUCLIDE CONCEN- I
TRATION IN FEMALE WHITE- j

TAILED DEER AND THEIR H
FETUSES FROM THE SAVAN- l

NAH RIVER PLANT* j

Parameter
measured
for doe

Age
Calcium
Strontium
Cesium

Potassium
PICs
PJ K

Parameter for fetus
showing statistically

significant correlations

None
None

Cs (r = 0.73, n= 14)$
Age (r = —0.47, n = 40);f

Ca (0.50, n = 26);t
Cs (r= 0.78, n = 39)f

K(r = 0.40, n = 23)t
Cs(r= 0.50, n = 16)t

None

*Does having one and two fetuses are
combined, as are single fetuses and one
randomly selected member of each pair of twin
fetuses. Correlation coefficients (r values) and
sample sizes (n) are given in parentheses for
each statistically significant relationship
demonstrated between the various parameters
for does and their fetuses.

tSignificant correlation (P < 0.05).
^Highly significant correlation (P < 0.01).

independent of age in both fetuses and does, with does containing
38.4 ± 1.04% and fetuses 38.1 ± 1.02%. The percent calcium in fetal
bone ash was not affected by the number of fetuses; this indicates
that there was an adequate supply of available calcium in the diet of
the does.

Correlations (r = 0.78) of cesium in does with that in fetuses
(Table 3) were of the same order of magnitude as the values reported
by Brisbin and Smith (1975) for radiocesium correlations among
organ compartments of deer from the SRP. Fetuses did not decrease
in 1 3 7Cs content with increasing age, but does did (Table 3),
probably as a result of seasonal changes in diet. Rabon (1968)
reported that maximum concentrations of ' 3 7 Cs in muscle of
white-tailed deer in 1965 and 1966 occurred during the mid-fall and
winter months. Deer collected during the winter months reflected a
threefold increase in ' 3 7 Cs in muscle as compared with deer
collected in the spring. About 80% of the deer in the present study

11
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were collected from March through May, a period of reduced ' 3 7 Cs
levels in SRP deer. Thus the overall levels of radiocesium reported
here were generally lower than those reported in other studies of this
same deer herd (Brisbin and Smith, 1975).

Uptakes of ' 3 7Cs by muscle and of 8 9>90Sr by bone in does are
correlated (Table 1). It is not clear why this is true since they do not
show a significant correlation in fetuses. Apparently does that pick
up "high" levels of contamination get both isotopes together, as
compared with those that do not. There then could be some selective
screening of isotopes that pass between the doe and fetus since
strontium levels of the two do not correlate. High ' 37Cs levels in the
fetus correlate with both high ' 37Cs and 8 9 . 9 0 Sr in the doe, but
high 89>90Sr levels in the fetus do not. This is probably because
calcification of fetal bone is not complete. A trend toward
increasing strontium levels with age of fetus was indicated. In an
earlier investigation (Rabon, 1968), 8 9 . 9 0 Sr in bone of postnatal
deer was also shown to be age dependent; fawns contained almost
twice the 8 9 >9 °Sr as deer more than 36 months of age.

Although a number of significant correlations among does and
their fetuses are shown (Table 3), none of these had any useful
predictability, the highest being 61% for the relationship between
1 3 7Cs in does and fetuses. Mot't of the others had predictabilities of
30% or less. Within does as a group and fetuses as a group,
predictabilities were all less than 40% (Tables 1 and 2) except for the
relationship between ' 3 7 Cs in the muscle of does and that in the
placentas. Predictability between twin fetuses was higher, however,
being consistently greater than 75%.
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THE DEPOSITION OF LEAD AEROSOLS
ON PLANT SURFACES IN A REMOTE
SUBALPINE ECOSYSTEM

ROBERT ELIAS,* YOSH1MITSU HIRAO.t and CLAIR C. PATTERSON
Division of Geological and Planetary Sciences, California Institute of
Technology, Pasadena, California

ABSTRACT

Special sampling techniques and isotope-dilution mass-spectrometric analysis
were used to measure the atmospheric inputs of several metals in a remote
subalpine ecosystem in the High Sierra. The samples included deposition on
artificial surfaces, oriented both horizontally and vertically, and on two types
cf plant surfaces, leaf and woody. The net deposition of lead on the
surfaces of woody tissues (bark and pine cones) closely approximates that on
vertically oriented artificial plates. The net deposition on leaf surfaces (sedge
leaves and pine needles) is only 20 to 25% of that on woody tissue. If total
deposition rates are the same, some removal mechanisms may affect leaf surfaces
but not woody tissues.

An important aspect of trace-metal cycling within natural ecosystems
is the method by which contaminants are introduced to food chains.
One method of entry for lead aerosols is deposition on surfaces
having intimate contact with the food chain, such as plant leaves or
litter components. Methods of measuring this deposition by use of
artificial surfaces are well established (Huntzicker, Friedlander, and
Davidson, 1975; Elias et al., 1976). We exposed a clean fluorinated
ethylene propylene (FEP) Teflon plate for a period of time and then
removed the deposited metals to determine the deposition rate. By

•Present address: Department of Biology, Virginia Polytechnic Institute and
State University, Blacksburg, Virginia.

fPresent address: College of Science and Engineering, Aoyama Gakuin
University, 6-16-1 Chitosedai, Setagaya-Ku, Tokyo 157, Japan.
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orienting the plates horizontally and vertically, we were able to
establish some characteristics of the particles deposited since the
horizontal plate bears a strong gravitational component. Vertical
plates were assumed to collect minimum deposition. We expected
deposition on plant surfaces to fall somewhere between that on the
two orientations of artificial plates. The experiments reported here
test this assumption and determine the magnitude and predictability
of deposition on two types of plant surfaces.

METHODS
I

1
Study Area I

Thompson Canyon is a subalpine ecosystem located in the
northern part of Yosemite National Park at an altitude of 3170 m at
the crest of the High Sierra. The canyon has an area of 13 km2, more
than half of which is exposed, barren rock. There are no lakes, but a
broad, poorly drained meadow lies at the lower end of the drainage.
No streams enter the canyon, and precipitation is largely snow. Parts
of the canyon are forested with lodgepole and whitebark pine and
mountain hemlock.

Clean Laboratory Procedures

Bottles and instruments prepared for field collections were
cleaned, wrapped, and transported according to procedures described
by Patterson and Settle (1976). Samples were handled at all times
with FEP forceps or stainless-steel scissors and forceps held with
polyethylene gloves. In the laboratory the samples were analyzed by
acid digestion using National Bureau of Standards reagent HNO3,
HC1, and HC1O4; redistilled HF; and quartz-distilled water prepared j
in our laboratory (< 0.1 ng Pb/kg). All beakers, separatory funnels, j
and other laboratory equipment were cleaned as described in j
Patterson and Settle (1976). j

Field Collections

Artificial plates 2.3 mm thick were constructed of FEP Teflon
and mounted on specially constructed tetrafluoroethylene (TFE)
Teflon rings or clamps. The horizontally oriented plate was mounted
on a stainless-steel plate and covered by a TFE plate. The fxposed
area was 243 cm2. Two vertical plates were mounted on TFE clamps
and attached to a stainless-steel bar that could be mounted on a ring
stand in the field. The total exposed area, front and back, for each
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vertical plate was 300 cm2. The deposition plates were placed in
acid-washed polyethylene containers, wrapped in three hermetically
sealed plastic bags, and transported to the study area. In the field the
plates were handled with clean polyethylene gloves. The plates were
removed from the transporting containers and exposed continuously
for several days on a flat rock ~1.5 m above the ground. The
horizontal plate was placed directly on the rock, and the two vertical
plates were mounted 40 cm above it at right angles to each other on
a stainless-steel ring stand. At the end of the exposure period, the
plates were returned to the laboratory using the transportation
procedures described

Samples of plant material exposed for known periods of time
were collected and placed in clean polyethylene bottles. This
material consisted of sedge (Carex scopulorum) leaves and lodgepole
(Pinus contorta) bark, cones, and needles. The initiation of exposure
for leaves and needles was taken to be the observed time of
emergence (for sedge leaves, July 2 ± 2 days, and for pine needles,
April 3 ± 2 days). The initiation time for megasporangiate cones was
taken to be the beginning of rapid growth after fertilization. Cones
remained closed for ~400 days, during which only a small fraction
of their surface was exposed. The cones were collected at maturity,
38 days after opening. Bark samples were removed directly from the
trunk of the tree at breast height. On the basis of coloration, bark
scars, and thickness of cortical layers, exposure was assumed to be

I 7 years.
i
i Chemical Analysis

I Deposits from artificial surfaces were removed by sweeping a few
milliliters of 10AT HC1 dropwise over the surface with a quartz
pipette. The four exposed surfaces of the vertical plates were
combined into one solution, which was evaporated and digested
chemically in a pure-nitrogen-atmosphere oven using 3 : 1 HNO3 and

. HC1O4 at 120°C and evaporating to dryness. To remove silicates, we
! dissolved the residue in 1 : 1 HNO3 and HF at room temperature

overnight. This solution was refluxed for 2 hr at 55°C and then
evaporated to dryness. Residual HF and HC1O4 was removed by
evaporating to dryness in HNO3 at 180°C. The residue was dissolved
in dilute HNO3 and extracted using dithizone extraction reagents
purified in our laboratory. Analysis was by isotope-dilution thermal-
ionization mass-spectrometric techniques (Patterson and Settle,
1976).

Deposits from plant surfaces were removed by the washing
procedure of Elias et al. (1976), which consists in scrubbing the
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surface with clean quartz wool or agitating the material in alternate
solutions of methanol (double distilled in quartz), quartz-distilled
water, IN HC1, and quartz-distilled water. We have shown by
chemical evidence that this procedure does not lyse the cells and
release intracellular fluids to the wash solution. Aliquots of un-
washed tissue were analyzed and compared with the sum of the
wash tissue and wash solutions. Chemical digestion of the plant tissue
and wash solutions was the same as that described for deposits on
artificial surfaces.

Sample Replication

In all cases the values reported here represent a single measure-
ment. Because of the nature of low-contamination experimental
procedures, replicates may not be as essential as with procedures
where inherent contamination causes widespread variation in results.
Indeed, when the same tissue types have been collected and analyzed
at different times, variations between individuals of a population are
surprisingly small (as seen by the net deposition rates in Table 2).

RESULTS AND DISCUSSION

Deposition on artificial surfaces, oriented both horizontally and
vertically, varies by less than a factor of 3 over the 2-year study
period (Table 1). Moreover, the correlation between the two
orientations is consistent, as shown by the ratio of horizontal to

TABLE 1

DEPOSITION OF LEAD AEROSOLS ON ARTIFICIAL SURFACES
IN YOSEMITE NATIONAL PARK, CALIFORNIA

Date
Exposure time,

days
Horizontal,*

pgcrrf2 day"1
Vertical.t

pg cm"2 day"1

Ratio,
horizontal

vertical

October 1973
July 1974
August 1974
September 1974
April 1975
October 1975

2 2
13

7.1
11

1.5
2.3

100
160

92
270

170

63
40
40

4.3

4.3

*Tiie horizontal plate was 1.5 m above ground the top surface was sampled.
tThe vertical plate was mounted 1.5 m above ground and perpendicular to

ground; both front and back surfaces were sampled.
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vertical for September 1974 and October 1975. We believe this
indicates that the nature of the particles bearing the lead does not
change even though some seasonal variation in the quantity of
particles may occur. We expected the horizontal and vertical
deposition rates to be maximum and minimum rates of deposition on
plant surfaces, respectively.

Deposition on leaf and needle surfaces proved remarkably
constant (Table 2), even for periods of more than 1000 days. The

TABLE 2

DEPOSITION OF LEAD AEROSOLS ON LEAF AND NEEDLE
SURFACES IN YOSEMITE NATIONAL PARK, CALIFORNIA

Sample

Sedge leaves
I, 1974
II, 1974
III, 1974
I, 1975
H, 1975

Pine needles
First-year needles
Second-year needles
Needle litter

Surface lead,
pg/cm2

470
840
670
520
650

1,700
4,500

15,900

Exposure time,
days

42
85
94
45
59

137
502

1,230

Net deposition raie,
pg cm"2 day'1

11.2
9.9
7.1

11.5
11.1

12.3
8.9

12.9

observed rates do not show significant seasonal perturbations nor
washoff by summer rains, which occurred between the first and
second sedge collections in 1974 and between the two sedge
collections in 1975. From the summary in Table 4, it is clear that
deposition on leafy tissue is far below the range of deposition on
vertically and horizontally oriented artificial surfaces. It is not
immediately obvious whether deposition rates on leafy tissue are
total or net deposition. To approach this question, we analyzed
woody tissue from the same location as the pine needles.

Deposition on woody tissue lies within the range of deposition
on vertically and horizontally oriented artificial surfaces (Table 3).
This surface deposition far outweighs the lead concentrations of
interior trunk tissues. In an experiment peripheral to this report, five
samples of a lodgepole trunk were analyzed; these represented (1)
wood tissue from the annual rings of 1956—1960; (2) wood tissue
from the annual rings of 1970—1973; (3) the cambium; (4) the
cortex; and (5) the outer bark. These data, presented in Table 5,
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TABLE 3

DEPOSITION OF LEAD AEROSOLS ON WOODY SURFACES
OF LODGEPOLE PINE IN

YOSEMITE NATIONAL PARK, CALIFORNIA

Surface lead, Estimated exposure time, Net deposition rate,
Sample pg/cm2 days pgcrrf2 day"1

Cone scales 4,800 500 (Hosed) 67.5
38(open)

Trunk bark 130,000 2555 51

TABLE 4

SUMMARY OF NET DEPOSITION RATES ON
ARTIFICIAL AND NATURAL SURFACES IN YOSEMITE

NATIONAL PARK, CALIFORNIA

Surface

Artificial
Horizontal
Vertical

Natural
Sedge leaves
Lodgepole needles
Lodgepole cone scales
Lodgepole bark

Net deposition rate,*
pg cm"2 day"'

158 ± 71 (5) .-H
48±13(3) .'!

10 ±2 (5) 1
11 ± 2 ( 3 ) j
68 (1) '

51 .!

•Numbers in parentheses represent the number of nonreplicated
samples collected and analyzed at different times. Thus the variation i
represents not only sample variation but also seasonal variations. A

clearly show that 99% of the lead on bark tissue is on the outer 1 ]
mm of the surface. Deposition on the scales of megasporangiate J
cones was for a more clearly defined exposure period. The data :J
support the deposition rate found for trunk bark. j

The differences between woody and leaf tissues can by inter-
preted in two ways: Either deposition rates are different for each !
type of tissue or one or more removal mechanisms are operative, [
especially for leaf tissue, where the observed deposition would be a
net deposition.

If the rates vary for different tissue types, three factors control
the rate of deposition, characteristics of the particle, characteristics
of the environment surrounding the surface, and characteristics of



Woody (1956-1^60)
Woody (1970-1973)
Cambium
Cortex
Outer bark scale

25
17

2
•1

1
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TABLE 5

DISTRIBUTION OF LEAD IN A LODGEPOLE
TRUNK CROSS SECTION IN

YOSEMITE NATIONAL PARK, CALIFORNIA

Tissue thickness, Lead concentration.
Tissue mm ng/g dry weight

6
6

75
45

1730*

•Equivalent to 130 ng Pb/cm surface deposition.

the surface itself. Since the needles, bark, and cones were all
collected at the same height above ground, the particles deposited on
their surfaces are the same size and otherwise identical. The
immediate environment surrounding the two surface types is
certainly not equivalent. Since the relative humidity would be higher
near physiologically active leaf surfaces, the deposition rate would be
expected to be less than on inactive woody tissues (Droppo, 1976).
Finally, the characteristics of the surfaces themselves may account
for part of the difference. Roughness and pubescence significantly
influenced aerosol deposition in the experiments of Wedding et al.
(1975), but, since there was a fivefold reduction in deposition rate
between leaves and woody tissue, we believe surface roughness
cannot account for the entire difference.

Assuming then that the deposition rates are the same, or nearly
the same, for both tissue types, we must consider the possible
removal mechanisms that may affect retention of deposited aerosols.
Since we have no experimental evidence to substantiate any
mechanisms, it is sufficient to review briefly the possible mecha-
nisms, which we have divided into physical, chemical, and biological
categories. Removal by physical and chemical means (such as rain,
wind, or small droplets of dew) is clearly a strong possibility. In this
ecosystem, however, summer rains are infrequent and caused no
detectable fluctuations in deposition rates. Biological mechanisms,
such as foliar uptake, have been suggested by several investigators for
roadside or smelter environments (Lagerwerff, 1971; Buchauer,
1973). Within the present limitations of our data, we can neither
support nor reject this hypothesis as it may apply to our study area.
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It is worth noting that the levels of lead involved in this study are
generally two orders of magnitude below those found in typical
urban environments. Although we were able to conclude that the net
deposition rate on leaf and woody surfaces is constant in this remote I
subalpine ecosystem, it is unsafe to assume that such a linear j
relationship exists where aerosol concentrations are hundreds of : •;
times higher. Most of the literature pertaining to deposition on plant '4
surfaces refers to roadside or smelter environments. [See the f _•]
literature review by Smith (1976).] The most commonly mentioned fc a|
removal mechanism is washoff by rain. This is reasonable since the j
nature of the large particles favors physical or chemical removal. : I

Having demonstrated the magnitude of aerosol deposition on |
plant surfaces in remote ecosystems and established that the : t
deposition rate is constant and predictable, we are now able to -\
consider the impact of deposition, which is largely a surface : j
phenomenon, on the entire ecosystem, especially the biosphere.
Deposition on leaf surfaces is of direct significance to food chains.
Deposition on bark contributes significantly to the litter component
and, thus, indirectly to the plant tissues. The question of foliar i j
uptake vs. washoff remains unanswered and is one objective of our ; j
continuing investigation. :• |

•' I
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ABSTRACT j

Litter bags were prepared from leaves harvested in late fall from turkey oak trees j
(Quercus laevis) tagged with ' 34Cs. Untreated bags and bags treated by soaking "•
in 1000 ppm HgCl2 were placed in the field on Dec. 7, 1974. Five bags of each I
treatment were retrieved at 7-, 14-, and 30-day intervals as the experiment j
progressed. Treated bags remained free of visible fungal hyphae growth for 12 J
weeks. Untreated bags had lost more weight but less ' 3" Cs than treated bags j
after 14 and 56 days, respectively. After 9 months, untreated bags had lost 33% i
weight and 90% ' 3 4 Cs. Although ' 3 4 Cs is rapidly leached from litter (ecological j
half-life = 12 weeks), some is retained by fungal hyphae on leaf-litter surfaces. i
This mechanism of mineral retention in the litter layer could represent
adaptation at the ecosystem level for nutrient conservation.

Cycling of radiocesium in natural systems in the southeastern United
States has received much attention. Dahlman, Francis, and Tamura
(1975) reviewed dynamic soil-to-plant exchange and mechanisms
controlling the fate of radiocesium in terrestrial ecosystems. The
return of minerals from plants to soil occurs through several
pathways. Carlisle, Brown, and White (1966) reported that litterfall
and its subsequent decomposition may account for up to 60% of
internal nutrient cycling. Whittaker (1970) proposed that 90% of
litter nutrients in forest ecosystems may be cycled through de-
composer organisms before returning to the soil. Decomposition of
leaf litter may be an important process in cycling of radiocesium in
southeastern ecosystems. Leaching rate and mobilization—utilization

700
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of radiocesium in litter by microflora and microfauna would
ultimately determine its availability to plants from the soil.

Litter decomposition on a forest floor is the result of physical
j fragmentation and leaching and the activities of consumer and

decomposer organisms. Crossley (1970) reported that soil—litter
I invertebrates contributed to litter decomposition directly by con-
i sumption and nutrient assimilation and indirectly by fragmentation

and dissemination of fungal spores and gut flora. Leaf fragmentation
disrupts cell walls and increases the surface area exposed to leaching
rainwater. Crossley concluded that indirect effects of invertebrates
contributed more to litter decomposition than direct consumption.

Litter decomposition during the first year apparently occurred in
three phases (Olson and Crossley, 1963; Thomas, 1967; Crossley,
1970). Rapid weight loss in the first several weeks resulted from
leaching of soluble carbohydrates from fresh litter. A phase of
reduced weight loss followed in winter. The third phase, an increase
in weight-loss rate, which occurred in spring and summer, reflected

I increased decomposer and consumer activity. In decomposition of
oak leaf litter, the removal of minerals occurred at a faster rate than

i weight loss (Olson and Crossley, 1963; Crossley and Witkamp, 1964).
Models of Gist and Crossley (1975) and Cornaby, Gist, and

Crossley (1975) combined litter and its associated microflora as a
single compartment in simulations of forest-floor nutrient dynamics.

, Crossley and Witkamp (1964) investigated factors affecting litter
decomposition oy treating ' 3 4 Cs-labeled white oak leaves with
naphthalene and comparing loss rates with untreated, labeled leaves.
They found that loss rates of weight and 1 3 4Cs were slower in
treated than in untreated leaves. Crossley and Witkamp concluded
that consumer activity in untreated leaves resulted in increased rates
of mineral leaching and weight loss. Pattern and Witkamp (1967)
concluded from microcosm studies that microflora incorporated
1 34Cs from labeled litter, increased the mobility of ' 34Cs in litter,
and increased the transfer rate of ' 3 4 Cs from litter to soil.

Many decomposer species found in litter occur as spores on
growing leaves (Dickinson, 1971; Tubaki and Yokoyama, 1971).
After litterfall, spores germinated, and saprophytes derived some
nutrients from fresh litter as available soluble carbohydrates but also
demonstrated cellulolytic capacities in older leaf litter (Hudson,
1971). Microflora then can retain nutrients from litter while breaking
down leaf structure and can also serve as food for grazing and
burrowing invertebrates. These mechanisms could be important in
the availability and cycling of radiocesium and other minerals in
litter compartments of terrestrial ecosystems (Witkamp, 1971).
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In our study we have attempted to assess the effect of microflora
and microfauna on the loss rates of weight and l 3 4 Cs from turkey
oak (Quercus laevis) leaf litter.

MATERIALS AND METHODS

The study area in Barnwell County, South Carolina, is a climax ;

turkey oak, sandhill community. Turkey oak is the dominant tree, .:

reaching a maximum height in the study area of ~10 m, but most i
range from 5 to 7.5 m. The soil is predominantly coarse sand, is acid ,,-
(pH <4.5), contains < 5% clay (which is mostly kaolinitic), and is j
well drained. •..!

Labeled leaves were harvested in late fall of 1974 from three ;
turkey oaks tagged 2.5 months earlier with l 3 4 Cs via stem wells. i
Leaves were dried at 8°C and 50% relative humidity and weighed ;1
into ~10-g samples. This drying regime avoided disruption of cells or ;
other possible thermal effects at 100°C and allowed all leaves to .;'
equilibrate at a controlled humidity. Samples were then transferred '
into numbered, 28- by 28-cm nylon-mesh bags for placement in the j
field. \

Activity of ' 34Cs in each sample was determined with a liquid \
scintillation counter before placement and after retrieval. Activity i
determinations (in picocuries per gram) were decay corrected to the |
date of placement in the field Leaf activity in the litter bags ranged j
from 25 to 100 nCi/g dry weight. \

Litter bags were divided into treated and untreated groups. Bags
were treated by soaking for 12 hx in 1000 ppm HgCl2 because HgCl2, j
a broad spectrum toxicant, excluded fungi and bacteria along with
the microfauna (naphthalene excludes only microfauna). Treated and
untreated bags were anchored on separate 14- by 8-m grids in the
study area in early December. Ton treated and 10 untreated bags
were returned for determination of treatment effect and for wet- to
dry-weight conversion calculation.

Five treated and 5 untreated bags were retrieved at 7-day
intervals for the first 4 weeks, at 14-day intervals for the next 16
weeks, and then at 30-day intervals. Scrapings from treated leaf
surfaces streaked onto nutrient agar showed no fungal hyphae
growth for 12 weeks. Data collections on treated bags were
discontinued at week 18 when fungal hyphae were visible on the
leaves; data for 16 weeks were used for the calculations in this paper.

Litter bags were dried at 100°C for 24 hr to determine
dry weight. Weight and ' 34Cs losses were expressed as percent of
initial values remaining. Means, variances, and 95% confidence limits
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were calculated for treated and untreated bags. Means were com-
pared with paired-comparisons analysis of variance (Sokal and Rohlf,
1969) and t-tests. Variances of weight and ' 34Cs losses wore tested
for homoscedasticity with Barlett's test for homogeneity of variance.
Curves were fitted to the l 3 4Cs- and weight-loss observations as
linear, exponential, logarithmic, second-degree quadratic, and power
functions.

RESULTS

The exponential curve, y = Xe^', was the best fit in the least
squares sense for weight remaining (y) in litter bags (Fig. 1), where
time is the independent variable t and X is the intercept. Rate
constants (k) for weight loss from treated and untreated turkey oak
leaves were — 0.34/year and —0.42/year, respectively.

Similar curve-fitting techniques for ' 34Cs losses (Fig. 2) resulted
in a second-degree polynomial function that described 1 3 4Cs losses
for both treated and untreated bags. For comparison with ex-
ponential loss rates in the literature, we fitted exponential curves to
1 3 4 Cs losses. The rate constants for ' 3 * Cs losses from treated and
untreated leaves were —5.94 and —2.97, respectively. Exponential
equations for loss of ' 34Cs and weight from turkey oak litter bags
are

Untreated

Y = 0.96e"°-42 t

r = 0.971

Treated

Y = 0.99e-°-3 4 t

r = 0.953

where Y is percent of initial weight remaining and r is the correlation
coefficient, and

Untreated

Y = 0.84e-2-9 7 t

r = 0.991
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Fig. 1 Average percent weight remaining in treated ( ) and
untreated (--•-) litter bags over time with 95% confidence intervals.
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Fig. 2 Average percent Cs remaining in treated ( ) and
untreated (--•-) litter bags over time with 95% confidence intervals.
Values are averages of five samples.
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Treated

Y=0.93e~5-9 4 t

i- = 0.967

where Y is percent of initial ' 34Cs activity remaining and r is the
correlation coefficient.

Significant differences (a = 0.05) were found in mean percent
weight and ' 3 4 Cs lost from treated and untreated litter hags tested
with paired-comparisons analysis of variance. The means, by the
central limit theorem, were normally distributed. Although the
variances among treated and untreated means were significantly
different (a = 0.05), the f-test for equality of means was only slightly
affected since all factor-level sample sizes (n = 5) were equal (Sheffe,
1959; Sokal and Rohlf, 1969). Actually, unequal variances slightly
increase the significance level above that specified (Neter and
Wasserman, 1974), making the f-test more conservative. Treated bags
lost weight less rapidly than untreated bags but lost ' 3 4 Cs more
rapidly than untreated bags. Comparing means of treated and
untreated bags at each retrieval time with a t-test indicated that
weight losses were initially significantly different (a = 0.05) at 14
days and ' 34Cs losses were initially significantly different (a = 0.05)
at 56 days. Where variances between pairs of means were sig-
nificantly different {a = 0.05), comparisons of means were per-
formed with an approximate t-value (Sokal and Rohlf, 1969).

DISCUSSION

Weight loss of untreated turkey oak litter (Fig. 1) was similar in
curve form to that reported for litter by Olson and Crossley (1963),
Thomas (1967), and Crossley (1970). Rapid initial weight loss was
followed by slower weight loss in winter, then an increase in loss rate
in spring and summer, which probably reflected increased biological
activity in the litter layer. From Table 1, it is obvious that the rate
constant (k) of weight loss from untreated turkey oak litter was less
than from untreated white oak litter, —0.42/year vs. —0.84/year
(average).

Turkey oak litter treated with HgCl2 remained free of fungal
hyphae growth for 12 weeks and exhibited a slower weight loss rate
than untreated litter (Table 1). Crossley and Witkamp (1964)
obtained a similar result in their study. This phenomenon probably
reflects increased fragmentation of litter and subsequent leaching of
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TABLE 1

RATE CONSTANTS FOR EXPONENTIAL LOSS OF
WEIGHT AND ' 3 4 Cs FROM OAK LITTER*

Plant

Turkey oak
Untreated
Treated

White oak
Untreated
Treated
Untreated
Untreated

Average k for untreated
white oak litter

Rate constants,
k/year

Weight

-0.42
-0.34

—0.95
-0.62
-0.77
-0.80

-0.84

1 34Cs

-2.97
-5.94

-2.67
-1.90

-1.98

Reference

Crossley and Witkamp (1964)
Crossley and Witkamp (1964)
Cromack and Monk (1975)
Olson and Crossley (1963)

*Data for which no references are cited are from this study.

minerals from litter in which biological activity is occurring. But
weight loss results in the present study may not be directly
comparable because of initial leaching of soluble carbohydrates by
the treatment.

Loss rate of ' 34Cs from untreated turkey oak litter was higher
than that from white oak litter reported by Olson and Crossley
(1963) and Crossley und Witkamp (1964) (Table 1). The loss rate
constant of ' 34Cs from untreated litter was less than the loss rate
constant from treated turkey oak litter (Table 1). This is opposite
from the result observed by Crossley and Witkamp (1964), who, in a
similar study, used naphthalene on white oak litter; this excluded
invertebrate invasion of the litter but did not reduce the bacterial or
fungal growth. In our study, treated turkey oak litter remained free
of fungal hyphae and lost significantly more ' 3 4 Cs, presumably by
rainwater leaching, than did untreated litter.

Microflora in turkey oak litter appear to retain radiocesium in
the litter layer even though it may participate in litter weight loss.
Fungal growth was observed on untreated litter after 42 days, and
fungal hyphae mats developed rapidly as the study progressed.
Apparently radiocesium was incorporated in fungal hyphae along
with leaf nutrients (Hudson, 1971; Witkamp, 1971).

An hypothesis of nutrient retention in litter by microflora
initially appears to counter the findings of Patten and Witkamp

Li
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(1967), in which microflora retained 1 3 4Cs but also enhanced its
transfer fmm litter to soil. Their observations covered only the
period of initial rapid loss of ' 3 4 Cs from litter. Continued retention
of l 3 4 Cs in microflora after its initial rapid loss from leaf tissues
would result in higher ' -!4Cs concentrations in litter with microflora
than in litter without microflora. This would result in significantly
higher ' 3 4 Cs concentration in untreated litter only after the initial
rapid ' 3 4Cs loss and the development of visible fungal hyphae.

Retention of nutrients in the litter layer of an ecosystem where
leaching rate is hi '̂h, as in a turkey oak community, could reflect a
strategy of nutrient conservation. The sandy soil in sandhill
communities is well drained, with low cation exchange capacity.
Nutrients lost through soil percolation could be replaced only by
atmospheric input. The slower decomposition rate of turkey oak
compared with white oak litter would result in a longer lasting litter
layer that would reduce the percolation rate of water through the
upper soil layer and thereby reduce nutrient leaching. Persistence of
the litter layer during summer, a period of low rainfall, would also
reduce evaporation from the soil surface; i.e., it would conserve
water. Nutrient retention and water conservation apparent in turkey
oak litter dynamics could represent adaptation on the ecosystem
level.

In summary, ' 34Cs is rapidly lost from turkey oak litter, having
an ecological half-life of ~12 weeks. Litter microflora appear to
retain ' 3 4 Cs in the turkey oak litter since its loss is significantly
faster when microflora are absent. Nutrient retention and water
conservation by litter could represent adaptation on the ecosystem
level.
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RADIOCESIUM TRANSFER THROUGH
AERIAL PATHWAYS IN A SOUTH CAROLINA
FLOODPLAIN FOREST
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ABSTRACT

Cesium-137 cycling studies were conducted in a floodplain forest surrounding a
reactor effluent stream at the Savannah River Plant in South Carolina.
Throughfall, stemflow, and litterfall pathways were studied along transects
within a 1.5-ha arsa of fioodplain forest. Annual precipitation totaled 1102
liters/m2 in the study area. Approximately 88% of this rainfall reached the
forest floor as throughfall and 4 to 6% as stemflow. Meteorological inputs
(fallout) of I 3 7Cs totaled 3.2 nCi/m2 for the year. An additional 11 to 15 nCi
m"2 year"1 was leached from the floodplain vegetation as throughfall during
precipitation. Radiocesium concentrations in throughfall and stemflow were
highest in the fall when 137Cs is readily leached from leaves before leaffall.
Radiocesium concentrations in stemflow were always much higher than in
throughfall, particularly during the nongrowing season. The annual I 37Cs
transfer as stemflow was 2.5 to 4.1 nCi m 2 year , however, which is
considerably less (15 to 22%) than the total ' 7Cs reaching the forest floor as
throughfall. Radiocesium movement in annual litterfall is approximately equal
to the total ' 3 7Cs leached from floodplain vegetation during rainfall.

Several blackwater creeks in South Carolina received radiocesium
releases during early activities at the Savannah River Plant. A fraction
of the ' 3 7 Cs released to these streams was laterally redistributed
across surrounding floodplains, where some of it is currently
available for cycling (Ragsdale and Shure, 1973; Anderson, Gentry,
and Smith, 1973). A number of studies have been undertaken to
determine the ' 3 7 Cs distribution and probable transfer pathways in
these contaminated floodplain systems (Brisbin et al., 1974; Sharitz
et al., 1975; Garten et al., 1975; Briese, Garten, and Sharitz, 1975).

Many investigators have recognized the potential importance of
aerial pathways in chemical-element cycling in forested ecosystems

709
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(Howell, Gentry, and Smith, 1975). Elements, including radio-
nuclides, may be readily leached from canopy foliage during
precipitation and either become canopy drip in throughfall or move
down the bole as stemflow. Atmospheric dust trapped in the canopy
may also serve as a supplemental source of nutrients during rainfall
(Hart and Parent, 1974). Much of the material moved through these
aerial pathways is in inorganic form and thus is readily available for
rapid recycling. In contrast, a lag time is involved for nutrient
regeneration through litter breakdown processes. Evapotranspiration
and leaching processes may cycle certain elements several times over
a growing season (Voight, 1960a), thus illustrating the possible
importance of these pathways in forest ecosystem homeostasis.

Long-term studies were initiated in 1973 to quantify the major
pathways of 1 3 7Cs cycling in one of the contaminated floodplain
forests. The specific objective of this phase of our overall study was
to compare the relative importance of throughfall, stemflow, and
litterfall pat nways in annual ' 3 7 Cs cycling processes.

MATERIALS AND METHODS

The study was conducted along Lower Three Runs Creek, a
tributary stream of the Savannah River in South Carolina. Lower
Three Runs Creek received over 200 Ci of ' 3 7Cs between 1954 and
1964 as a result of releases from a production reactor at the
Savannah River Plant (Marter, 1974). Ragsdale and Shure (1973)
documented the levels of 1 3 7Cs contamination along the Lower
Three Runs floodplain forest complex. A detailed description of
Lower Three Runs and the ' 37Cs concentrations in stream compo-
nents has also been presented elsewhere (Shure and Gottschalk,
1976).

A 1.5-ha study area was established in a floodplain forest along
Lower Three Runs at Donora Station. Donora Station is about 1.6
km downstream from Par Pond, a 1200-ha impoundment established
near the headwaters of Lower Three Runs in 1958. The floodplains
around Donora Station experience less flooding than downstream
areas nearer the Savannah River. Carolina ash (Fraxinus caroliniana)
dominates the floodplain forests in upstream areas, such as Donora
Station (Shure and Gottschalk, unpublished data). Black gum (Nyssa
sylvatica), sweet gum (Liquidambar styraciflua), and red maple (Acer
rubrum) are also important floodplain species at Donora Station.
Willow (Salix nigra) and sycamore (Platanus occidentalis) are often
abundant along the stream bank. Water oak (Quercus nigra), chestnut
oak (Quercus prinus), and pignut hickory (Carya glabra) become
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dominant, along with sweet gum, black gum, and maple, on the
adjacent upland terraces.

The study area included a 150-m section of forest along Lower
Three Runs, which extended 100 m back from the stream margin.
Four transects were established parallel to the stream at the bank and
at 30, 60, and 90 m (upland terrace).

Vegetation and soil samples were collected in late August 1973
to determine the ' 3 7 Cs concentrations in major ecosystem compo-
nents. Leaf and branch samples were clipped from six trees of each
major species along each transect. A soil auger (1.9 cm in diameter)
was used to obtain a single 22.5-cm-deep soil core at nine locations
along each transect. The cores were subdivided into 7.5-cm segments.
A 20- by 20-cm wooden quadrat frame was used to obtain a surface
root sample from each location where a soil core was taken. The
upper 7 to 8 cm of soil was removed from within the 400-cm2

quadrat and later washed over a 1-mm screen to separate root
material. Root and tree samples were ground in a Wiley mill
(Arthur H. Thomas Co., Philadelphia). All plant and soil samples

i were oven-dried at 100°C for 24 hr, and dry weights were
! determined.

Litterfall was collected along each transect beginning in Septem-
ber 1973. Forty-eight litterfall traps were set up, with a trap located
every 12 m along each of the four transects. Each trap consisted of a
meta! hoop (0.25-m2 openings) attached to the top of a 2-m wooden
post. Litterfall was contained in 90-cm-deep nylon nets (1-mm

j mesh), which were taped to the metal hoop. A pinchcock was used
i to close the bottom of the net. Litterfall traps were emptied monthly
' from January through August and every 2 weeks from September

through December. The litter from each trap was sorted into branch,
leaf, and reproductive tissues and oven-dried at 100°C.

Throughfall and stemflow collections were initiated in April
1974. Six throughfall collectors were placed 8 m apart along the
central 50-m segment of each transect. Six collectors were also

[ established in large open clearings within 0.5 km of the study area.
i Each of the 30 throughfall collectors consisted of a 20.1-cm-diameter
| plastic funnel attached to the top of a 120-cm wooden support.

Tygon tubing (Norton Co., Tallmadge, Ohio) extended from the base
of the funnel to a 3.8-liter plastic container. Nylon netting was
packed into the neck of the funnel to prevent particulate matter
from entering the collectors. However, leaching may result from any
particulate matter remaining in the funnels.

Polyurethane foam collars (Likens and Eaton, 1970) were
formed around six ash trees of varying sizes (4 to 31 cm in diameter
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at breast height) to estimate stemflow. The six trees were randomly
located in the center portion of the study area between 15 and 45 m
from the stream margin. The collars were constructed in April 1974,
and a caulking compound was applied to minimize the possibility of
leakage. Stemflow was funneled through Tygon tubing into 30-gal
(114-liter) plastic trash cans. Collars were placed on six additional
ash trees after the first year of the study. Results from both sets of
trees are quite similar.

Throughfall and stemflow collectors were emptied monthly.
Some throughfall was occasionally removed between regular sam-
pling intervals to prevent overflow. Stemflow volume was estimated
using depth—volume relationships for the containers. A 3- to 4-liter
aliquot was removed from each stemiiow container for ' 3 7 Cs
determinations. Thus the data collections have enabled us to
determine unit-area volume and ' 3 7Cs inputs to the forest floor for
each monthly sampling period. No attempts have been made to
estimate throughfall or stemflow relationships for individual storms.

An evaporation technique was used to concentrate stemflow and
throughfall volumes for 1 3 7Cs assaying. Concentrated HNO3 was
added to each sample (3 ml/liter) to prevent surface adsorption of
1 3 7Cs during analysis. Known volumes of each field sample (1 to 5
liters) were evaporated at 80 to 90°C on hot plates until ~10 to 15
ml remained. Adjacent throughfall collections were composited
during analysis to provide enough liquid for statistical radioassaying.
All samples were radioassayed using an automatic gamma counting
system with a 3-in (7.7-cm) Nal(Tl) well-type scintillation crystal.
Counting rates were corrected for background, counting efficiency,
and sample geometry.

When mean—variance relationships were significantly correlated
for stemflow and throughfall data, nonhomogeneous variances
resulted. Taylor's power law (Southwood, 1966) was used to
determine appropriate data transformation. Each transformed data
set was subjected to a two-way analysis of variance to test for
significant differences. Least significant differences (Steel and Torrie,
1960) were used to determine where significant differences existed
(0.05 level).

RESULTS

Comparative 1 3 7 C s Levels

Radiocesium concentrations in the contaminated floodplain
forest at Donora Station are significantly higher than in fallout levels
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in surrounding upland forests (Table 1). Radiocesium levels in the 0-
to 15-cm soil samples increased across the floodplain from bank to
60 m. The average 1 3 7Cs concentrations in the upper 15 cm of
floodplain soil were generally 50 to 100 times greater than in upland
areas. Most of the ] 3 7Cs in the floodplain soil was contained within
the upper 15 cm. Root and surface soil 1 3 7Cs concentrations were
similar at the bank and the 30-m transects. However, root ' 3 7 Cs
concentrations were lower than soil concentrations at 60 m and
higher than soil levels in the upland areas.

Branch and leaf samples contained relatively low ' 37Cs concen-
trations in late August (Table 1). Leaf 1 3 7Cs concentrations ex-
ceeded branch levels in all three dominant species. Among the
dominant species, ash trees had greater ' 3 7 Cs levels than black gum
or sweet gum at all floodplain locations. Tree species show much less
difference than soil when we compare ] 3 7 Cs concentrations in
floodplain and upland areas.

TABLE 1

RADIOCESIUM CONCENTRATIONS (pCi/g dry wt) IN
ECOSYSTEM COMPONENTS FROM THE LOWER THREE

RUNS CREEK FLOODPLAIN FOREST AT DONORA STATION,
SAVANNAH RIVER PLANT

Component

Soil
0—7.5 cm
7.5—15 cm
15-22.5 cm

Roots
0—7.5 cm

Fraxinus
caroliniana

Leaves
Branch

Nyssa
sylvatica

Leaves
Branch

Liquidambar
styraciflua

Leaves
Branch

Bank

149.9
70.1
30.7

128.7

69.2
52.5

25.0
8.0

36.6
22.1

± 30.7
± 21.1
± 10.1

± 15.3

+ 16.2
± 16.8

± 5.8
±1.3

± 7.0
±6.0

Sample transect*

30 m

183.3 ±
75.8 ±
23.3 ±

187.4 ±

37.4 ±
31.1 ±

15.1 ±
4.9 ±

34.5 ±
15.6 ±

24.5
23.4
5.3

31.9

6.2
7.0

3.9
1.4

4.9
1.9

60 m

229.0 ±
124.3 ±

8.5 ±

67.9 ±

82.3 ±
48.0 +

'7.1 ±
,\0 ±

13.5 +
6.9 ±

74.0
60.0
3.5

22.4

25.3
18.6

8.3
3.8

4.5
2.6

Upland

3.4 +
0.9 +
1.0 ±

7.5 ±

2.6 ±
1.5 ±

1.5 ±
0.9 ±

0.5
0.1
0.1

1.4

0.6
0.1

0.3
0.2

•Values are means ± one standard error for samples collected on Aug. 28,
1973.
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Throughfall

Precipitation and throughfall exhibited a definite seasonal pat-
tern over the study (Fig. 1). Rainfall diminished in late spring and
then increased during early summer. Monthly rainfall fell to very low
levels in late summer and early autumn before increasing to high and
fairly constant totals over winter.

The amount of throughfall reaching the forest floor was not
significantly different for the bank, 30-m, and 60-m transects.
Throughfall volume was significantly greater under the more open
upland canopy during the growing season. Differences between ,
floodplain and upland areas were nonsignificant during winter, when
throughfall totals at all locations approached rainfall levels recorded
in open clearings. More total throughfall resulted at all locations over
the winter because of greater rainfall.

The annual pattern of ' 3 7 Cs concentrations in throughfall was ;
dependent on foliage conditions and rainfall levels (Fig. 2). Radio-
cesium concentrations remained fairly similar over the summer,
except for a brief increase in June, which apparently was a result of
reduced throughfall volume and significantly greater atmospheric •
1 3 7Cs levels in precipitation (Fig. 2, clearing). Radiocesium concen- j
trations in throughfall increased significantly in late summer and ,';J
early autumn as leaves approached senescence. A large amount of 1
1 3 7 Cs was apparently available for leaching at the end of the growing
season, and radiocesium levels were highly concentrated in the low
rainfall over this period. This process appeared to be more significant
in the floodplain than in the upland forest. The absence of foliage J
and the high rainfall volume during winter produced a highly J
significant decline in x 3 7 Cs concentrations in throughfall. Radio- j
cesium concentrations in winter throughfall remained significantly
below growing-season levels. I

Throughfall volume and ' 3 7 Cs levels influence the overall rate of '*
1 3 7Cs addition to the forest floor (Fig. 3). Radiocesium inputs in the
floodplain were relatively high and constant throughout most of the
growing season. The rates did increase significantly in July as a result
of high rainfall. Throughfall inputs of *3 7 Cs decreased significantly
during the dry early autumn. Rainfall in November leached con-
siderable ' 3 7 Cs from the canopy before Ieaffall. Leaffall was
essentially complete by late November, and ' 3 7 Cs inputs were
significantly reduced during winter.

Radiocesium transfers in throughfall are primarily a result of
intrasystem cycling within the floodplain forest. The ' 37Cs concen-
trations and input rates at all locations were significantly higher than
in precipitation collected in open clearings. Throughfall in floodplain
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Fig. 1 Seasonal changes in throughfall volume at different transects.
Throughfall rates, plotted at the midpoint of each sampling period,
apply for the entire period. Means (n = 6) are presented for the six
collectors at each transect. Standard errors of the means (vertical
bars) are included for three different seasons.

areas contained significantly greater concentrations and total
amounts of ' 3 7 Cs than upland areas except during winter. However,
1 3 7 Cs inputs in throughfall were not significantly different across
the floodplain throughout the study period.

Stemflow

Rainfall intensity and ioliage conditions governed stemfJow
volume (Fig. 4). The amount of stemflow during the growing season
followed a pattern similar to that of rainfall and throughfall (Fig. 1);
however, stemflow volume was relatively low while foliage was
present throughout the growing season. Stemflow volume was
especially reduced during late summer and early autumn when there
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Fig. 2 Cesium-137 concentrations in throughfall samples at each
transect location. Means (n = 3), plotted at the midpoint of each
sampling period, apply for the entire sampling interval. Standard
errors of the means (vertical bars) are included for three different
seasons. Throughfall volumes were too .-mall to allow determination
of ' 3 7Cs levels in October.

was very little rainfall. The absence of canopy foliage and the
increased rainfall by late autumn produced significantly greater
quantities cf stemflow during winter. More rainfall apparently
reached branch and bole surfaces when the canopy foliage was
absent.

Radiocesium levels in stemflow increased significantly over the
growing season. Peak concentrations were in November, when ' 3 7 Cs
was apparently leached from the remaining leaves and was collected
as stemflow or throughfall. Although radiocesium concentrations in
stemflow dropped significantly in winter, when rainfall was high and
leaves were absent, some ' 3 7 Cs was leached from bark or branch
surfaces.
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J F M
1975

Fig. 3 Rates of I 3 7 C s addition in throughfall at each transect
location. Means (n = 6), plotted at the midpoint of each sampling
period, apply for the entire sampling interval. Standard errors of the
means (vertical bars) are included for three different seasons.
Radioeesium levels in September and November (Fig. 2) were
averaged to derive throughfall ' 3 7 Cs rates for October.

The overall rates of 1 3 7Cs movement in stemflow were much
more closely related to stemflow volume than ' 37Cs levels (Fig. 4).
It is interesting that significantly greater amounts of i 3 7 Cs occurred
in stemflow in winter. Most of the rainfall reaching the forest canopy
during the growing season was either retained on the vegetation or
dripped from the leaves as throughfall; there was very little stemflow.
In contrast, relatively large amounts of ' 3 7 Cs were probably leached
from the soft, irregular bark surfaces as stemflow during high winter
rainfall.
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Fig. 4 Stemflow volume, I 3 7 C s concentrations, and 1 3 7 Cs input
rates in the floodplain forest over each sampling period.

Annual Transfers

Precipitation reaching the forest canopy followed similar path-
ways at all floodplain locations (bank to 60 m) over an annual cycle
(Table 2). Approximately 88% of the incoming rainfall resulted as
throughfall at each transect. The remaining precipitation was fairly
evenly divided between stemflow and the amount retained or
evaporated from vegetation surfaces. Throughfall was an even greater
pathway in the upland forest.

The annual flux of ' 3 7 Cs through aerial pathways totaled 35 to
46 nCi m~2 year"1 within the floodplain forest (Table 2). The total
amount was less in the 60-m transect than in the 30-m transect,
which was less than in the bank transect. Throughfall and leaffall
were the major aerial pathways within the floodplain, and the annual
1 3 7 Cs flux through these pathways was similar at each transect.
Much less ' 3 7 Cs was transferred to the forest floor in stemflow or
branchfall. Branchfall contributed more 13 7 Cs in areas nearer the
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TABLE 2

ANNUAL RAINFALL AND ' 37Cs INPUT THROUGH
AERIAL PATHWAYS AT THE LOWER THREE RUNS

CREEK FLOODPLAIN FOREST, SAVANNAH RIVER PLANT

Pathway

Sample transect

Bank 30 m 60 m Upland

Total Total Total Total %

Throughfall
Stemflow*
Retained on

vegetation

Total

Fallout

Throughfall
(total)

Stemflow*
Leaffallt
Branchfallt

Total

Annual Precipitation (liters m year"1)

976.5 88.6
66.8 6.1

966.1 87.6 972.9 88.2 1,049.9 95.2
44.0 4.0 41.2 3.7

59.3 5.4 92.5 8.4 38.5 8.0
1,102.6 1,102.6 1,102.6 1,102.6

1 37Cs Input (pCi m"2 year"1 )

3,153.3 3,153.3 3,153.3 3,153.3

18,401.9 40.0 14,231.0 35.1 16,568.4 47.2 5,809.9
4,177.1 9.1 2,755.4 6.8 2,579.2 7.3

17,427.6 37.9 16,204.3 39.9 14,285.1 40.7 3,752.5
5,941.6 12.9 7,393.1 18.2 1,659.1 4.7 75.8

45,948.2 40,583.8

Soil
20.7 16.3

35,091.8

18.9 0.5

•Stemflow was derived by multiplying the yearly x stemflow volume per
tree by the estimated tree density per unit area (Shure and Gottschalk,
unpublished data) at each transect. Values assume approximately equal stemflow
totals for all species.

tCollections were from Jan. 6, 1974, to Jan. 5, 1975 (unpublished data).
JSoil values are for 0 to 22.5 cm depth (see Table 1).

stream, where tree and branch mortality appeared highest. The total
1 3 7 Cs movement through aerial pathways in the upland forest was
probably around 10 to 11 nCi rrf2 year"1. This total was only 20 to
35% of the aerial ' 3 7 Cs flux within the contaminated floodplain
forest. However, the annual ' 3 7 Cs flux through aerial pathways in
the upland forest represents ~2.2% of the existing soil ' 3 7Cs burden.
This percentage is approximately tenfold greater than the fraction of
the soil 137Cs burden which was cycled annually (0.19 to 0.25%)
within the floodplain forest.
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DISCUSSION

Rainfall movement through the floodplain forest at Donora
Station followed the expected pattern for eastern hardwood forests
(Helvey and Patric, 1965). Most studies generally indicate that 70 to
90% of gross rainfall results as throughfall and less than 5% as
stemflow (Patterson, 1975). In the floodplain at Donora Station,
large trees, such as ash, black gum and sweet gum, all have rough,
absorptive bark surfacss. Stemflow is usually relatively low for
rough-bark species (Helvey and Patric, 1965). In contrast, con-
siderable stemflow may result for smooth-bark species such as beech
(Voight, 1960b).

Radiocesium movement through aerial pathways should be
similar to that of potassium, since these elements are generally
regarded as chemical analogs (Davis, 1963; Witherspoon, 1964;
Kimmins, 1972). Both elements occur primarily in ionic form in cell
sap and thus are highly susceptible to leaching processes (Eaton,
Likens, and Bormann, 1973). Thus radiocesium should be actively
cycled through rainfall pathways (Witherspoon, 1964; Kimmins,
1972), and comparisons between ' 3 7Cs and potassium movement in
vegetation are reasonably justified.

Throughfall is generally regarded as a larger pathway than
stemflow in the transport of leachable materials such as potassium
during rainfall (Voight, 1960a; Clements and Colon, 1975; Patterson,
1975; Ewel, Gamble, and Lugo, 1975). Our results in the floodplain
indicate a much greater ' 3 7 Cs input per unit area in throughfall than
stemflow. This response is primarily a result of greater throughfall
volume since 1 3 7Cs concentrations per liter were always higher in
stemflow. The relatively high ' 3 7 Cs concentrations in stemflow
indicate the potential importance of this pathway. Stemflow reaches
the base of the tree and often flows along root channels or root
surfaces (Voight, 1960b; Gersper, 1970; Patterson, 1975). Cations
moving in stemflow may be recycled quite rapidly through direct
root uptake without being adsorbed onto soil particles. Stemflow
may thus have an important impact on the rate of radionuclide
cycling in forest systems (Gersper, 1970; Gersper and Holowaychuk,
1971) despite the relatively small volume moving through this
pathway.

Major differences have been reported in the relative importance
of leaching and litterfall in radiocesium and potassium cycling in
forested systems (Witherspoon, 1964; Carlisle, Brown, and White,
1966a; 1966b; Waller and Olsen, 1967; Kimmins, 1972; Clements
and Colon, 1975). Leaching (x = 48.5%) and litterfall (x = 51.4%)
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contributed approximately equal amounts of ' 3 7 Cs within the
Lower Three Runs floodplain forest. The relative importance of
leaching and litterfall pathways may be primarily related to the
cuticle structure of different leaf species. A thick cuticle layer limits
the availability of soluble inorganic materials for leaching during
rainfall. Seasonal rainfall intensity, bark structure, and other stand or
site characteristics may also be important factors. Thus we should
attempt to determine the specific causal mechanisms for differential
importance of litterfall or leaching pathways in natural systems.
Leaching provides a soluble pool of inorganic elements that can be
recycled quite rapidly by vegetation, but there is a time delay in
nutrient mobilization through litter decomposition processes. Thus
the relative magnitude of leaching and litterfall pathways may play
an important role in long-term nutrient cycling in various systems.

More total ' 3 7 Cs was leached from the vegetation when foliage
was present during the growing season. The highest l 3 7 Cs concen-
tration in stemflow and throughfall occurred in late autumn, when
the leaf abscission layer is present or forming. Voight (1960a);
Eaton, Likens, and Bormann (1973); Gosz et al. (1975); and Best
and Monk (1975) indicated an increased teachability and loss of
potassium and other nutrients as leaves age over the growing season.
Peak leaching is believed to occur between the time of abscission-
layer formation and actual leaffall (Best and Monk, 1975). Thus the
degree and timing of autumn rainfall can have a major impact on the
amount of elements leached from canopy leaves, particularly since
considerable ] 3 7 Cs or potassium may be withdrawn into branch and
stem tissue before leaffall (Witherspoon, 1964). High autumn rainfall
could be especially important in systems in which the materials
leached become tightly bcind to clay mineral soils (Witherspoon,
1964; Dahlman, Francis, and Tamura, 1975) and are rot readily
available for recycling by the vegetation. After the abscission layer is
formed, much of the remaining ' 3 7Cs or potassium in leaves is either
leached before leaf drop or quickly washed from fresh leaf litter
during rainfall.

Only a very small fraction of the existing ] 3 7 Cs burdens in
floodplain or upland terrace forests is cycled annually through aerial
pathways. The much greater percentage cycling in the upland terrace
appears to reflect differential ' 3 7 Cs cycling in the two systems. The
upland terrace forest occurs on a relatively sandy, nutrient-limited
substrate where ' 3 7 Cs cycling rates can be high in southeastern
coastal plain areas (Dahlman, Francis, and Tamura, 1975). The
vegetation-to-soil 1 3 7 Cs ratios were higher in the upland than in the
floodplain forest. Clay soils predominate within the floodplain, and
the vegetation growing on clay substrates may cycle less ' 3 7 Cs.



722 SHURE AND GOTTSCHALK

However, Ragsdale and Shure (1973) and Sharitz et al. • '
indicated quite varied l 3 7 Cs accumulations in vegetation o;
ferent floodplain substrates. These past studies illustrate the coin]
relationships involved in 137Cs uptake by floodplain vegcv;:;
Further work is needed to determine whether substrate condilx-as.
relative availability of potassium or 1 3 7Cs, or other factors ap
promoting the differential 1 3 7Cs cycling that apparently results
through aerial pathways m floodplain and surrounding upland terrace
forests.
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RADIOCESIUM MOVEMENT IN A GRAY RABBIT
BRUSH COMMUNITY

BETTY KLEPPER, L. E. ROGERS, J. D. HEDLUND, R. G. SCHRECKHISE,
and K. R. PRICE
Ecosystems Department, Battelle, Pacific Northwest Laboratories, and
Environmental and Occupational Safety Department, Atlantic Richfield
Hanford Company, Richland, Washington

ABSTRACT

Gray rabbit brush, Chrysothamnus nauseosus (Compositae), is the dominant
shrub on disturbed land surfaces on much of the Energy Research and
Development Administration's Hanford Reservation in south-central Washington
State. A stand of rabbit brush growing on an inactive liquid-wa.<>te disposal crib
was studied. Thirty per' fnt of the shrubr showed low but detectable radiation
levels in a field survey. The primary radionuclide was ' Cs. The source of
1 37Cs in shrubs was the gravel drain field in the crib, at least 2.4 m below the
surface, which was the approximate maximum depth of penetration of rabbit
brush taproots. Cesium-137 was observed in roots of certain rabbit brush plants,
in the upper 1 cm of soil, and in litter beneath contaminated plants but was not
detectable in soil samples taken at depths of 15, 50, 100, and 150 cm.
Invertebrates associated with a contaminated shrub showed higher concentra-
tions of ' 3 'Cs than did wider-ranging species. Two of seven pocket mice trapped
on the crib contained detectable amounts of ' 37Cs.

Vegetation on the Energy Research and Development Administra-
tion's (ERDA) Hanford Reservation in south central Washington
State is dominated by big sagebrush, Artemisia tridentata Nutt., in
most undisturbed areas. Disturbed areas are generally revegetated
with stands of alien annual grass, Bromus tectorum L. (cheatgrass)
(Cline, Uresk, and Rickard, 1975). When shrubs invade cheatgrass
stands, the predominant invader at lower elevations is gray rabbit
brujjj, Chrysothamnus nauseosus (Pall.) Britton; there are scattered

!i 725
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shrubs of green rabbit brush [C. uiscidiflorus (Hook.) Nutt.] and
occasional sagebrush.

In the 200 area control zone, where most of the belowground
radioactive wastes are found on the Hanford Reservation, scraping
and excavating have created habitats that support Chrysothamnus—
Bromus communities. In early 19^5 routine radiation monitoring
showed that gray rabbit brush growing on the 216-A-24 crib
contained readily detectable amounts of radionuclides. Since there
were no available studies of rooting habit and radionuclide uptake
for gray rabbit brush, the contaminated shrubs were left in place to
permit this study to be done instead of being removed for proper
radioactive waste disposal as is the usual practice. The study was
undertaken to describe the distribution and concentration of
radiocesium in biota and soils of this crib.

MATERIALS AND METHODS

Research Site

The 216-A-24 crib was used between 1958 and 1966 to receive
condensates from high-heat waste-storage tanks. Condensates were
drained into a gravel drain field through a perforated pipe. Depth of
the pipe from finished grade varied from about 4.6 m at the upper
end to 2.4 m at the lower end of each crib section. Cesium-137 is the
predominant radionuclide remaining in the crib (Anderson, 1975).

Field Survey

A detailed shrub survey was conducted on the second crib
section in May 1975. Shrubs were individually numbered and
surveyed with a Geiger^Miiller survey instrument. Since leaves,
twigs, and branch tips appeared to have the highest levels of
contamination, measurements were taken by pressing the probe
against 10 to 20 young leafy twigs on each plant.

Plant location was mapped on part of the middle section to show
relative canopy size and location of plants emitting the highest levels
of radioactivity.

Shrub Age

Plant age was determined by counting growth rings. The first ring
visible in the stem center was assumed to represent the end of the
third year of growth. The assumption that one growth ring indicates
1 year's growth was probably valid since rabbit brush loses its leaves
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each year, and this gives a definitive end to the growth period.
Furthermore, the Hanford climatic pattern (wet in winter and dry in
summer) should accentuate the annual growth-ring pattern.

Canopy Size

Plant height (h) and canopy diameter in two mutually perpen-
dicular directions (designated w and 1) were measured. Canopy
volume (c) was then estimated by the formula:

=(!)(
h+ 0.5w+ 0.51)

Animal Collections

Invertebrates and rodents were collected in early May 1975.
Invertebrates were caught by hand and in pitfall traps placed on
May 1 and left for 15 days. Invertebrates were extracted from a
contaminated Chrysothamnus plant and its litter with a Berlese
funnel. Twenty-five small-mammal traps were set on the second
section of the crib on May 1 and 2. On May 1, the traps yielded four
Great Basin pocket mice (Perognathus parvus), two males and two
females, and, on May 2, three of the same species, one male and two
females. Sample sizes were small because of the small number of
rodents present in the habitat.

Radiochemical Measurements

Plant and soil materials were initially analyzed by gamma-energy
analysis with a well-type Nal(Tl) crystal attached to a multichannel
analyzer. After it became apparent that ' 3 7 Cs was the primary
gamma-emitting radionuclide, the same samples were reanalyzed with
a Nal(Tl) crystal using a single-channel analyzer set for I 3 7 Cs.
Because of the close agreement between the two systems, all
subsequent samples were analyzed with a single-channel analyzer.
The detection limit for ' 3 7Cs was about 0.1 nCi per sample. Rodent
samples were counted using an ARMAC (Packard Instrument Co.)
instrument (a liquid-scintillation detection system) set for 1 3 7Cs,
with a detection limit of about 0.03 nCi per sample.

RESULTS

The field survey showed that most of the contaminated plants
were growing in the second section of the crib and that all were near
the central axis of the crib. Of the 519 shrubs surveyed, 394 were at
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background levels; 62 were up to 10 times background; and 93 were
over 10 times background. Levels of contamination were low but
were sufficient to allow a radioecological study. Detectable con-
tamination appeared to be restricted to rabbit brush plants and, in
some cases, to the litter beneath them. Surface soils, insects, mice,
leporid fecal pellets, ant hills, cheatgrass, and sagebrush plants were
found to be free from contamination measurable with a field
instrument.

After this survey the second section of the crib was divided into
three parts (Fig. 1). The upper part had the lowest shrub density of
the three areas and had no contaminated shrubs. In the middle and
lower parts, about one third of the shrubs contained levels of
radionuclides above background. A map of shrubs on the central part
of the middle section shows the location, canopy area, and levels of
contamination (in thousands of counts per minute) for rabbit brush
plants (Fig. 2). Shrubs at background levels are either shown blank or
are marked by the letter B. Analysis of Fig. 2 suggests an inverse
relationship between canopy size and shrub density. Note that
contaminated shrubs often grew adjacent to shrubs showing no
elevated radiation readings.

Thirty-two shrubs located along a transect down the center of
the mapped area ranged in age from 6 to 12 years
(X ± S.E. = 9.4 ± 0.2 years). Average height was 64 ± 2 cm (range 40
to 88 cm), and canopy volume averaged 0.25 ± 0.03 m3 (range 0.06
to 0.65 m3). Cesium-137 was detected in 30 shrubs at an average
concentration cf 145 ± 39 nCi/g dry weight. Fix (1975) reported an
average concentration of 2.3 ± 10"4 nCi 137Cs/g dry weight for
shrubs on the Hanford Reservation. There was no correlation
between plant age and ' 3 7Cs leaf content (r2 = 0.017), but none of
the large shrubs contained high concentrations of radiocesium, and
all the shrubs with high concentrations (>20'J nCi/g dry weight) had I
canopy volumes less than 0.3 m3 . Highest concentrations occurred in ,
smaller shrubs (Fig. 3), particularly in small shrubs in dense stands J
(Fig- 2).

Radiocesium distribution in a typical contaminated shrub is given
in Table 1. Shoots had higher concentrations than roots, with highest
concentrations in leaves. Flowers were intermediate between twigs !
and leaves. Leaf concentrations increased during the season; in j
comparison with May values, concentrations were 14% higher in July <
and 30% higher in October. |

Samples were taken from beneath and between Chrysothamnus
canopies in May to detect horizontal and vertical spread of 1 3 7Cs j
from contaminated plants. Leaf samples, litter, cheatgrass growing
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C D CRIB VENTS O MONITORING WELLS

Fig. 1 Diagram of the second section of 216-A-24 crib showing the
location of the mapped area. Shrub densities (number per 100 m2)
were: upper end, 3.7; middle, 19.1; lower, 14.0.
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Fig. 2 Map of shrubs in the central part of the second section of the
crib. Numbers are thousands of counts per minute measured in the
field survey. Shrubs that were at background are shown as blank or
are marked B.
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Fig. 3 Concentration of ' 3 7Cs by shrub size classes. The number of
shrubs in the size class appears at top of bar.

TABLE 1

RADIOCESIUM IN PARTS OF A
CONTAMINATED RABBIT BRUSH PLANT*

Plant part

Shoots
Leaves
Twigs
Bark
Wood (upper)
Wood (lower)

Roots
Bark
Wood

Branch 1,
nCi/g dry weight

220
63
54
17
25

39
6.5

Branch 2,
nCi/g dry weight

280
58
73
19
33

8.5
1.6

•Located on the 216-A-24 crib at ERDA's Hanford
Reservation, Washington.
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beneath canopies, the top 1 cm of mineral soil, and soil and shrub
roots 15 cm deep were collected from six plants. Cheatgrass, surface
soils, and soil at 15-cm depth were collected from areas between
plants. Radiocesium concentrations in these samples ranged from
0.02 to 520 nCi/g dry weight (Table 2). The highest concentrations
of l 3 7 Cs in litter, cheatgrass, surface soils, and shrub roots were
associated with rabbit brush plants having high concentrations of
1 3 7 Cs in leaves. Detectable amounts of ' 3 7 Cs were never found at
the 15-cm soil depth.

Soil and root samples from two excavations into the crib
overburden were radiochemically analyzed. Soil concentrations were
below detection limits at all depths; root concentrations ranged
from 0.7 to 160 nCi/g dry weight and tended to increase with depth.
Wood and bark samples taken from an excavated taproot showed
increased l 3 7 Cs concentrations with depth. Bark concentrations
were about 2.7 times wood concentrations at all depths.

Invertebrates and rodents are major consumers in this ecosystem.
The ' 37Cs concentrations of invertebrates collected on the second
section of the crib were higher for insects associated with a
contaminated rabbit brush plant than for wider-ranging species
collected by hand or from pitfall traps (Table 3). The average value

TABLE 2

CESIUM-137 IN PLANT AND SOIL SAMPLES*

Rabbit brush leaves
t

0.036
62.3
14.1

891.0
517.0

Cheatgrass
(between shrubs)

Bare soil
(between shrubs)

Litter

0.294
2.46
3.24
3.69

30.9
47.7

Cheatgrass
Surface

soil

Beneath canopies

0.833
0.485
0.240

t
2.38
3.62

0.0625
0.0232
0.231
0.392
0.793
2.24

Between canopies

0.117
t

1.06
0.350
0.0793
0.0833

Soil at
15 cm

t
t
t
t
t
t

t
t

Rabbit brush
roots at 15 cm

t •:
t

2.46 [
0.903 !

68.2 ;
41.7 I

Is
11

[
*A1I samples are from the 216-A-24 crib at ERDA's Hanford Reservation,

Washington. All values expressed as nCi/g dry weight.
•("Below detection limits, i.e., less than ~0.1 nCi/sample.
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TABLE 3

CONCENTRATIONS OF ' 3 7Cs IN INVERTEBRATES*

Taxa

Acarina
Tetranynchidae
Caligonellidae

Food source

Invertebrates associated

Plant tissue
Predator

Unidentified Prostigmata Predator
Lepidoptera

Noctuidae
Homoptera

Psyllidae
Aphididae
Cicidellidae

Plant tissue

Sap sucking
Sap sucking
Sap sucking

Diptera and Hymenoptera
Sciaridae
Chironomidae
Chalcidoidea

Coleoptera
Curculionidae

Hemiptera
Reduviidae

Thysanoptera

Coleoptera
Curculionidae
Tenebrionidae
Tenebrionidae

Diptera
Asilidae

Orthoptera
Acrididae

Hymenoptera
Formicidae

Pollen
Pollen
Pollen

Plant tissue

Predator
Plant tissue

Biomass,
mg nCi

with rabbit brush

2.5
3.1

4.5

16.8

1.3

72.5

3.9
1.2

Invertebrates collected from pitfall traps

Plant tissue
Litter
Litter

132
1303

440

Hand-collected invertebrates

Predator

Plant tissue

Seeds

16

115

24

Concentration,
137Cs/g dry weight

71.5
2.9

12.1

2.4

1.9

21.7

15.2
2.3

6.1
0.05
0.1

1.7

0.02

0.3

"Collected on the 216-A-24 crib at ERDA's Hanford Reservation,
Washington.

for the eight shrub-associated species was 16.3 nCi/g dry weight. Of
the seven seed-eating rodents analyzed, two had i 3 7 Cs levels above
background; 70% of the ' 3 7Cs was in the muscle and skeleton; 12%
was associated with the hide; and 18% was in the gastrointestinal
tract.
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DISCUSSION

The transport of radionuclides from a depth of at least 2.4 m to
the surface of the 216-A-24 crib resulted from the invasion of the
gravel field by rabbit brush roots and from plant uptake and
translocation of radionrxiides associated with the gravel field. It was
not surprising that the primary radioisotope detected in biota was
1 37Cs since it was the major radionuciide in the crib and since it is
essentially immobile in soils (Hajek, 1965; Cline and Rickard, 1972).
Thus relatively high concentrations of radiocesium were present near
the top of the gravel field, where deep roots encountered it.

Rabbit brush root systems have been shown in companion
studies to have strong taproots and few branch roots. This root
structure explains why contaminated plants were found only near
the center line of the crib directly over the source of contamination
(Fig. 2). Maximum rooting depth in nearby stands was about 2.4 m. ;
Thus only some plants reached the gravel field since it is at the limit j
of depth of rooting for this species in that area. The location of j
contaminated plants next to plants with little or no contamination is I
consistent with the idea that only certain roots penetrated the gravel j
field. The observation that two branches of the same root have ' i
different radiocesium concentrations (Table 1) is also consistent with ... I
this hypothesis. Small canopy size and high stand density may be 1
more important indicators than plant age in predicting which plants j
will invade wastes (Figs. 2 and 3). j

The observed internal plant distribution of 1 3 7Cs was not j
unexpected. High leaf and flower concentrations have been reported j
previously (Menzel and Heald, 1955; Plummer and Helseth, 1965). i
Cesium is known to be mobile in both xylem and phloem (Russell, V|
1966) and to be readily retranslocated (Waller and Olson, 1967). j
There was no evidence that resorption took place in autumn since i
leaf samples taken in October had higher concentrations of I 3 7 Cs •';
than samples from the same plants in May or July. j

In most woody plants bark concentrations of minerals are 3 to j
10 times as high as those of wood. There is ready exchange of .?
minerals between wood and bark. For example, Stout and Hoagland j
(1939) demonstrated lateral potassium exchange between these two j
tissues for willow. Lateral exchange is suggested to explain the j
observation that concentrations of ' 3 7Cs in root bark are related to ;
those in wood at the same depth in the profile. Bark concentrations '
are 2 to 3 times as high as wood concentrations. This ratio of !
bark-to-wood concentration is lower than a ratio of ~10 observed for j
1 3 7Cs in stems of Juniperus virginiana (Plummer <*nd Helseth, 1965). '
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Radiocesium did not appear to be very mobile in this com-
munity. Subsurface soils separated from roots did not show
detectable radioactivity even though roots growing through them
did. Of course, this contamination was relatively recent. In studies at
Oak Ridge, Tenn., however, significant amounts of i : i 7Cs leached
out of contaminated plant materials (leaves, litter, and roots of tulip
poplar) by the end of the first growing season (Waller and Olson,
1967). The lack of l 3 7 Cs mobility in this rabbit brush community
may be related to the Hanford climate. Since approximately
two-thirds of the 16-cm annual precipitation falls during winter and
early spring, when rabbit brush is without leaves, leaching from the
canopy is minimized. It is also possible that release and leaching of
cesium from litter and from roots near the surface is minimal a* cold
temperatures; this would indicate that winter rain is less effective
than summer rain. Depth of penetration of annual precipitation
varies from year to year but is generally between 2 and 3 m.
Therefore, soil deep in the profile would be minimally contaminated
with radiocesium leached from roots.

Radiocesium was transferred from rabbit brush to understory
plants (cheatgrass) and to herbivores (Tables 2 and 3). Invertebrate
species with strong associations with rabbit brush and collected from
a contaminated plant had higher concentrations of 1 3 7Cs than
wider-ranging species, which presumably have fed on uncon-
taminated as well as contaminated materials. Values in Table 3 for
invertebrates associated with rabbit brush are overestimates for the
population of such organisms on the crib because the majority of the
shrubs are not contaminated. Concentrations are of the same order
of magnitude as those reported by Reichle and Crossley (1965) for
cryptozoans in an Oak Ridge study.

Only two of the seven Great Basin pocket mice showed
detectable ' 3 7 Cs. These were both females trapped within the
middle section of the crib. The remaining mice (two females and
three males) were trapped in the other two sections and showed no
detectable ' 3 7Cs. Home range for Great Basin pocket mice has been
estimated to be from 503 to 2301 m2 for females and from 1560 to
4005 m2 for males (O'Farrell et al., 1974). The distribution of body
burden indicates that ingestion is the likely route of entry. Rabbit
brush plants are not presently known to be a part of the diet of this
species, although the leaves are palatable to black-tailed hares (Uresk,
Cline, and Rickard, 1975). Since the biological half-time of ' 3 "Cs in
Great Basin pocket mice is 5.3 days (Winsor and O'Farrell, 1970),
the radioactivity observed in the two females reflects relatively
recent association with contaminated materials. The limited home
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range, especially for females, and the short biological half-time
indicate that ' 3 7 Cs from surface materials on the crib was the
probable source of ' 3 7Cs in the two mice.

Principal radiocesium movement in this community is via root
uptake and translocation to shoots, especially leaves. Movement from
the leaf compartment occurs predominantly into litter, but an
unknown fraction may be resorbed. Since the biomass of inverte-
brates associated with a shrub canopy over a season is small relative
to the biomass of leaves, transfer into the litter compartment
probably exceeds that into herbivores by a considerable fraction.
Invertebrates constitute most of the herbivore population in this
community, and a considerable part of the ' 3 7 Cs in the herbivore
population probably returns to the litter as droppings and carcasses.
Transfer into the carnivore population undoubtedly occurs. Two
major pathways are involved: (1) Invertebrate predators may
consume invertebrate herbivores and add a large percentage of the
1 3 7 Cs so transferred to the litter via droppings and carcasses and
(2) vertebrate predators may consume both invertebrate and verte-
brate herbivores and would have the potential for removing ' 3 7 Cs
from the crib surface.

Transfer from litter to surface soils is not great (Table 2). As
discussed previously, the climatic pattern may provide an un-
favorable environment for leaching of 137Cs from litter. Quantities
of precipitation available to do the leaching are also small. Rickard
(1966) found littlr movement of fallout-derived ' 3 7Cs from surface
soils in abandoned plots on the Hanford Reservation. Wind move-
ment of litter would be expected to spread this contamination over a
period of years.

In summary, most of the cesium movement in this Chrysotham-
nus—Bromus community occurs inside shrubs. Movement from one
compartment to another is less than would be predicted from data
obtained in humid areas, except for the large transfer into the litter
layer.
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NITROGEN AND PHOSPHORUS DISTRIBUTION
IN AN ALASKAN TUSSOCK TUNDRA ECOSYSTEM
NATURAL PATTERNS AND IMPLICATIONS
FOR DEVELOPMENT

F. STUART CHAPIN III and KEITH VAN CLEVE
Institute of Arctic Biology, University of Alaska, Fairbanks, Alaska

ABSTRACT

Man's impact on arctic ecosystems can be best understood in the context of
alterations in the nutrient cycling processes. At Eagle Creek, Alaska, a
representative tussock tundra community, the bulk of total nitrogen and
phosphorus is contained within the soil organic matter. Nitrogen and
phosphorus contents and cation exchange capacity (CEC) are closely correlated
with organic content. The carbon-to-nitrogen ratio decreases and CEC increases
with increasing degree of decomposition. Disturbance alters patterns and rates of
nutrient cycling. Compaction increases nutrient availability and primary pro-
duction bv increasing thaw depth and decomposition rate. Removing the
vegetative cover increases nutrient availability i.i the same ways, but nutrients
are gradually leached from the system. Removing the entire organic mat
eliminates the bulk of the nutrient capital and nutrient retaining p^wer of the
site and renders the site unstable.

The concept of the tundra as a fragile ecosystem has been
popularized in the last decade as a result of increasing exploration
and development in the Arctic. Disturbances that in temperate
climates would be quickly revegetated by secondary succession often
cause massive erosion in the Arctic and are revegetated slowly if at all
(Hok, 1969; Bliss and Wein, 1972a; Billings, 1973; Johnson and Van
Cleve, 1976). Plant growth is slow in the Arctic, but the arctic flora
periodically experiences natural disturbance^., such as frost action
(Hopkins and Sigafoos, 1951), intensive lemming grazing
(Dennis, 1968), and fire (Wein and Bliss, 1973). Tundra lakes
periodically drain and present opportunities for recolonization, and
many tundra species are effective colonizers of such habitats. We
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suggest that the fragility of the tundra is a consequence of system
function and state variables related to climate more than of the
inability of component species to invade disturbed sites.

In this paper we present data on nutrient distribution in the soil
of a tussock tundra community and discuss why the physical
distribution of nutrients and the processes controlling nutrient
cycling render tundra particularly susceptible to disturbance.

METHODS

Eagle Creek (latitude 65° lO'N), a tussock tundra community 125
km northeast of Fairbanks, Alaska, is described by Wein and Bliss
(1974). The site, which is dominated by Eriophorum vaginatum L.
subsp. spissum, is representative of tussock tundra communities over
broad expanses of northern Alaska, Canada, England, Scandinavia,
and Siberia. Soil samples were collected from a profile extending
from the top of an E. vaginatum tussock to permafrost. Since there
were no clearly distinguishable horizons within the organic soil, the
soil was divided arbitrarily into 10-cm slices. The mean intertussock
ground surface was taken to be 0 soil depth, and, from this reference
point, soil depths were labeled as either positive (up into the tussock)
or negative (down toward permafrost). Soils were oven-dried, ground
with a mortar and pestle, and passed through a 2-mm sieve. Organic
matter content was determined by weight loss on ignition, nitrogen
by Kjeldahl digestion, phosphorus by nitric—perchloric acid diges-
tion, cation exchange capacity with an ammonium acetate extraction
(Jackson, 1958; Van Cleve and Viereck, 1972), and carbon with a
carbon—hydrogen—nitrogen analyzer.

To estimate the quantity of nutrients tied up in tussocks, we
measured the height and diameter of two tussocks and then cut them
off at mean intertussock ground level and separated them into soil,
E. vaginatum roots, E. vaginatum rhizomes, E. vaginatum live leaves,
live material of all other species, undecayed leaf litter, and partially
decayed leaf litter. Heights and diameters of 100 randomly chosen
tussocks were then measured. The average weight of each plant and
the soil category for the two dissected tussocks were corrected for
the difference in volume between the dissected tussocks and the
average Eagle Creek tussock. Weight per unit area was calculated
assuming five tussocks per square meter (Shaver, 1976). Ali materials
from the dissected tussocks were analyzed for nitrogen, phosphorus,
and organic content. For the purpose of this study, nutrient pools
for all live and dead plant material except roots were lumped as
tussock tops. Roots and soil pools were lumped as soil.
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All vegetation was scraped from a portion of the site with a
bulldozer in early May 1970. The organic mat beneath the vegetation
was left intact. Thermistor probes were installed in mid-June in the
disturbed area and in the adjacent control, and soil temperatures
were recorded at hourly intervals for the remainde. of the growing
season. Thaw depth was recorded at time cf maximum thaw. The
depth of subsidence was measured 5 years after the disturbance.

RESULTS

Tundra soils show a distinct vertical stratification of biological,
chemical, and physical properties. At Eagle Creek, an interior
Alaskan tussock tundra site, there is a distinct separation between
mineral aijd organic soils (Table 1), such as occurs in most tundra
sites. The organic horizons ha\s the highest concentrations of total
nitrogen and phosphorus (Fig. 1) and the highest cation exchange
capacity (CEC); CEC is significantly correlated with soil organic
content (P<0.05).

Even within the organic horizon there is a distinct gradient in soil
properties which depends primarily on the state of decomposition.
The organic matter at the soil surface is fibric, consisting largely of
recognizable plant fragments. The soil grades with depth to organic
material that is more thoroughly broken down. The depth progres-
sion in state of decomposition is paralleled by a decrease in
carbon-to-nitrogen ratio (Table 1). The mineral soil has a low
percentage of organic matter, but, because of the high bulk density
of the mineral layer, this horizon contains as much or more organic

PROFILE OF SOIL

Soil depth,*
cm

10 to 20
0 to 10

- 1 0 to 0
—20 t o - 1 0
- 3 0 to -20

EAGLE

Soil type

Fibric
t
1Hemic

Mineral

TABLE 1

FROM TUSSOCK
CREEK, ALASKA

Organic matter,t
% dry weight

96.2 ±0.1
92.5 +0.7
89.0 + 0.7
81.2 ± 1.5
13.5 + 1.0

TUNDRA,

Carbon-to-
nitrogen ratiof

53.9 + 2.5
38.8 ± 1.5
23.3 + 0.9
17.3 + 0.5
25.4 ± 1.9

•Positive depth values denote distance up into the tussock; negative
depth values denote depth beneath the tussock,

•fn = 10; ± standard error.
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•10 0
SOIL DEPTH, cm

20

Fig. 1 Total phosphorus (•—• ) and nitrogen (o--o) contents of a
soil profile from a tussock of Eriophorum vaginatum. Eagle Creek,
Alaska. Zero soil depth is the mean intertussock ground surface.
Positive depth values denote distance up into the tussock and
negative values, depth beneath it. Each value is an average of 10
determinations, shown with standard error (I).

matter per unit volume than the organic horizons (Fig. 2). The
organic fraction within the mineral soil is primarily colloidal and
consists of dissolved material leached from above.

The live biomass, including roots, constitutes less than 1% of the
organic matter, nitrogen, and phosphorus of the organic horizons of
the system, i.e., to a depth of 20 cm beneath mean intertussock
ground surface (Table 2).

The vegetation and litter associated with the tops of tussocks
constitute only 1% of the organic matter and 0.4% of the nitrogen
and phosphorus in the ecosystem if the permafrost surface is defined
as the bottom of the ecosystem (Table 3). The tussocks as a unit
comprise only 4.4% of the organic matter of the ecosystem. The
organic material to a depth of 10 cm beneath the tussocks contains
*}5% of the nitrogen and phosphorus capital of the site. The organic
horizons as a unit comprise 74 and 68% of the nitrogen and
phosphorus capital of the site, respectively.

Disturbance was observed at two levels of intensity in upland
tussock tundra in the Eagle Creek area. Where tundra was compacted
by multiple passes of small tracked vehicles, there was a slight
depression in the soil surface and increased flowering by E.
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-10 0
SOIL DEPTH, err

20

Fig. 2 Cation exchange capacity (CEC) (•—•) and organic content
(o-.o) per unit volume of a soil profile from a tussock of
Eriophorum vaginatum, Eagle Creek, Alaska. Each value is the
average of 10 determinations, shown with standard error (I). Positive
depth values denote distance up into the tussock and negative values,
depth beneath it.

vaginatum. Along slopes of high-centered polygons and near roadside
ditches, where there was greater groundwater movement, E. vagina-
tum also flowered profusely.

When tussocks and vegetation were removed but the lower
portion of the organic mat was left intact, there were deeper thaw,
warmer soil temperatures, and ~60-cm subsidence of the general
ground surface (Table 4). Seedlings of E. vaginatum became estab-
lished on this plot as soon as there was a local seed source. These
seedlings grew to several hundred tillers within 2 years. Most tussocks
in the disturbed site suffered heavy winter grazing by rodents.
Virtually all overwintering green leaves were clipped off, and
abundant plant litter and rodent feces covered the ground. In
contrast, tussocks in adjacent undisturbed tundra showed little
evidence of grazing.

Movement of water over the ground surface was observed in the
disturbed area after snowmelt and after periods of heavy precipita-
tion, particularly in the first 2 to 3 years after disturbance. The



TABLE 2

TOTAL CARBON, NITROGEN, AND PHOSPHORUS TO A DEPTH OF 20 cm IN VARIOUS
ECOSYSTEMS AND PERCENTAGES OF EACH ELEMENT IN VEGETATION

Ecosystem

Tussock tundra

Wet meadow
tundra

Subalpine heath
residual soil
organic soil

Red alder
(20 years)

Red alder
(35 years)

Douglas fir forest
(35 years)

Grassland
Pawnee
Cottonwood
Osage

Oak forest

Latitude

65°

71°

47°

64°

46°

46°

40°
43°
36°
35°

Site

Eagle Creek,
Alaska

Barrow,
Alaska

Washington

Fairbanks,
Alaska

Cascades, Wash.

Cascades, Wash.

Colorado
South Dakota
Oklahoma
Oklahoma

Total quantity
system,* g/m

Carbon

18,767

19,760

13,379
32,096
4,276

19,527

12,276

i:i,884

Nitrogen

964

972

9 7 9
1,276

154

701

160

140
275
261
250

in
2

Phos-
phorus

48.7

63.4

146

166

37.7

Percent in vegetation,

Carbon

0.6

1.7

2.2
2.7

76.1

49.3

73.7

75.0

Nitrogen

0.4

1.0

0.5
0.9

36.0

9.9

20.4

5.5
4.0
2.1

42.3

Phos-
phorus

0.3

1.5

3.3

4.0

25.2

Reference

This study

Chapin and R. J. Barsdate,
unpublished data

Grier, 1973

Van Cleve, Viereck,
and Schlentner, 1971

Van Cleve and Viereck,
1972

Cole, Turner,
and Bledsoe, 1977

Cole, Gessel, and
Dice, 1967

Bokhari and Singh,1975

Johnson and Risser,
1974

§
m

z
O

I

oCO

-ozo

c
CO

r
co
7\

z
-i
C
zu
30

m

8CO

CO

m

•Multiply by 10 to get kilograms per hectare.



TABLE 3

NITROGEN AND PHOSPHORUS CONTENT OF EACH HORIZON AND EXTENT OF
NUTRIENT LOSS IF HORIZON IS REMOVED FROM SITE DURING DISTURBANCE*

«-> :„ m o t t o v Nitrogen Phospho

Tussock topsf
Tussock soil$
0 to —10 cm
—10 to —20 cm
—20 to —30 cm

Total

602
1,378

15,800
21,300
19,700

58,780 1,315
Total a»,(ou j . ,

*We assume that removal by disturbance entails loss of the given horizon plus all horizons above it.

Calculations ignore new nutrient capital made available by melting cf permafrost.
t All live and dead material in and above the rhizome zone of a tussock.

$Soil between bottom of rhizomes and 0 soil depth (mean ir^ertussock ground surface), includes E.

vaginatum roots. Loss of material with this horizon ignores loss of intertussock vegetation, which was not

measured.

o

>

nr-m<
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TABLE 4

PHYSICAL PROPERTIES OF SOILS IN CONTROL
AND ADJACENT TUSSOCK TUNDRA FROM WHICH

VEGETATION WAS REMOVED BUT ORGANIC
MAT LEFT INTACT

Property Control Disturbed

Soil thaw depth,*
cm

Soil temperaturef
at 5 cm, °C

Subsidence, $ cm

38.6 ±0.7

3.7
0

56.9 ± 0.4

9.8
~ 6 0

*0n August 21 in year of disturbance (n = 100).
fJuly mean in year of disturbance.
I Depth below mean intertussock ground surface after 5 years.

undisturbed tussock tundra downslope from the bladed area was
characterized by highly productive tussocks of E. vaginatum which
flowered profusely.

DISCUSSION

Nutrients limit primary production in every tundra community
that has been examined (Warren Wilson, 1957; Schultz, 1964;
Goodman and Perkins, 1968; Haag, 1974; Chapin, Van Cleve, and
Tieszen, 1975). In each of these studies nitrogen and/or phosphorus
were shown to be particularly limiting to plant growth. The
phosphorus capital of tundra areas tends to be low, but the total
nitrogen present in tundra systems is substantial (Table 2). It is
primarily the slow rate of nutrient cycling rather than a small total
nutrient quantity in the system which limits the availability of these
elements to plants.

Marks and Bormann (1972) pointed out the importance of
biomass as a reservoir that retains nutrients within the system. In the
tundra, however, biomass is relatively small. It is primarily the dead
organic matter in the soil which serves the nutrient-retaining function
(Table 2) by (1) structurally binding a large percentage of the
nutrients, (2) providing exchange sites for cations that move through
the soil during runoff, and (3) physically preventing thermokarst
development (soil thermal erosion).

The importance of soil organic matter as a nutrient reservoir has
implications for man's manipulations of the tundra. Human distur-
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bance is now occurring in the Arctic on progressively larger scales.
Calculations from nitrogen balance studies carried out at Barrow.
Alaska (Barsdate and Alexander, 1975), suggest that the nitrogen
contained in the top 20 cm of soil organic matter at this site would
require 12,500 years to replace at current fixation rates. It is not
known how rates of fixation on a disturbed mineral soil would differ
from currently observed rates. In undisturbed tundra blue-green algae
associated with moss are responsible for the bulk of the fixation
(Alexander and Schell, 1973). These would be removed if the
vegetation were stripped off. Although phosphorus derives primarily
from parent material rather than from gaseous input, removal of the
organic mat would deplete the system of the bulk of the circulating
phosphorus pool. This study and that by Van Cleve (1977) show that
the bulk of the phosphorus capital in a variety of tundra and taiga
sites in northern Alaska is associated with the organic rather than the
mineral horizons. Moreover, rates of weathering of parent material
that might release more phosphorus into active circulation are
extremely slow (Hill and Tedrow, 1961). It is not known to what
extent the nonexchangeable inorganic phosphorus fraction contained
in deeper mineral horizons would enter active circulation if organic
phosphorus pools were stripped from the tundra.

To fully understand the implications of disturbance, we must not
view problems simply as engineering or agronomic issues but must
consider them within the context of nutrient cycling. The impact of
disturbance in the Arctic extends beyond the immediate removal of
nutrient capital. Three levels of disturbance will be examined here.
The initial effect on the system is similar in all cases, but the
outcome differs dramatically depending on the relative changes in
different components of the nutrient cycle.

When the tundra is compacted by a few passes of tracked
vehicles, there is a thinner insulating layer of vegetation and litter,
and the thermal conductivity of the organic horizons increases. This
leads to warmer soil and deeper thaw (Fig. 3) (Challinor and Gersper,
1975; Miller, 1976). Melting of ice from formerly frozen ground
leads to minor subsidence, such as that noted at Eagle Creek, and to
a tendency for influx of groundwater from surrounding areas. Unless
the compacted trail parallels slope contours, groundwater tends to
move downhill along the zone of compaction, thus adding more heat
to the system and further increasing thaw depth. These purely
physical changes in the soil environment enhance nutrient uptake by
plants, especially deep-rooted species like E. vaginatum or E.
angustifolium, by (1) adding forrr.e/ly untapped frozen soils to the
zone of root penetration (Challinor and Gersper, 1975), (2)
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Fig. 3 Changes in nutrient cycling resulting from compaction of
tussock tundra by tracked vehicles. Arrows between boxes indicate a
causal relationship, and arrows within boxes indicate change in size
of the compartment.

increasing the rate of nutrient movement past the roots, and (3)
increasing nutrient uptake through higher soil temperature (Chapin,
1974). Unless the vegetation is severely damaged, plants and
microorganisms are probably effective in absorbing the available
nutrients so that leaching losses are minimal.

Compaction also enhances the biotic components of nutrient
cycling. Warmer soils exhibit higher rates of decomposition, releasing
nitrogen and phosphorus from the large organically bound pools. As
carbon is respired and lost, nitrogen and phosphorus become more
concentrated within the organic matter. Increased decomposition
also leads to an increase in CEC (Van Cleve and Noonan, 1975;
Kononova, 1966), which further increases the capacity of the organic
horizon to retain cations such as NHj, Ca2 +, and K+. The overall
effect is to release organically bound nutrients and to retain them on
the larger cation exchange complex in a form readily available to
plants. These trends in soil properties are seen in the undisturbed soil
profile at Eagle Creek, where more thoroughly decomposed soil
horizons have higher CEC, lower carbon-to-nitrogen ratios and higher
percentages of nitrogen and phosphorus. Increased nutrient availabil-
ity leads to increased production and flowering, especially in E.
vaginatum (Bliss and Wein, 1972b). The higher nutrient content of
the vegetation can attract small mammals that clip the vegetation and
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VEGETATION REMOVAL

I

Fig. 4 Effect of vegetation removal on nutrient cycling in tussock
tundra. Arrows between boxes indicate a causal relationship, and
arrows within boxes indicate change in size of the compartment.
Thickness of arrow indicates magnitude of effect. Successful
revegetation by exotic species depends on many factors. [See
discussion in the text and in Van Cleve (1977).]

deposit feces and urine, as seen, e.g., in the rapidly growing seedling
tussocks in the disturbed site at Eagle Creek. Since feces and urine
contain nitrogen and phosphorus in readily available form, this
further accelerates the cycling of nutrients and increases primary
production. Whether the enhanced productivity of the tundra system
above its normal state is desirable depends on subjective criteria.

If the vegetation is removed but the organic mat is left intact, the
nutrient cycle experiences the same type of alterations described for
compaction, but biotic and abiotic aspects of the cycle assume
different importance, so that the overall consequence is quite
different (Fig. 4). The positive feedback loop by which the warmer
soil resulting from removal of vegetative insulation leads to deeper
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thaw (which, in turn, leads to subsidence and increased groundwater
input) was observed at Eagle Creek and elsewhere (Haag and Bliss,
1973). Another result is greater nitrogen and phosphorus availability
than if thaw depth were not increased. Likewise, soil temperature is
increased more than it would be if the ground were simply
compacted because of the decreased albedo and loss of vegetative
insulation. If soil moisture remains adequate, this greatly increases
decomposition rate and the biotic phase of the nutrient cycle (Van
Cleve, 1977). The overall effect of the increased nutrient availability
is a gradual leaching in the increased groundwater flow. This was
quite evident at Eagle Creek, resulting in greatly increased productiv-
ity of E. vaginatum in undisturbed tundra downslope from the
disturbance.

Restoration of a "normal" nutrient cycle in an organic disturbed
site depends on successful plant establishment, either from rhizomes
remaining in the organic mat or from seedling establishment.
Seedling establishment, in turn, depends considerably on seed source
and soil moisture since the unvegetated organic horizon can dry out
excessively. Some native species, such as E. vaginatum, appear to be
considerably more successful than exotics in establishing such sites
(F. S. Chapin and M. C. Chapin, unpublished data). The rapid
vegetative growth of such seedlings is good indirect evidence of
greatly increased nutrient availability in the site.

If the entire organic mat is removed, as has traditionally been the
case in arctic disturbances, the nutrient cycle is distorted in quite a
different fashion (Fig. 5). The positive feedback loop of deeper thaw
leading to groundwater input dominates the cycle and leads to loss of
nutrients by erosion (Hok, 1969). The organic matter present in the
mineral soil is primarily dissolved and colloidal in nature and is
readily leached. Warmer soils lead to increased decomposition of the
organic matter that remains, resulting in further availability of
nitrogen and phosphorus. If there are no seedlings to exploit this
nutrient flush, the nutrients may be quickly leached from the system
because of the low exchange capacity of the mineral component of
the system. The rate of leaching depends on the nutrient in question
and is greatly affected by pH, etc. If surface stability can be attained,
revegetation of mineral soil may depend heavily on supplementing
the existing nutrient capital with fertilizers. Since these mineral soils
generally have low clay mineral content [14% or less clay content
(Van Cleve, 1977)] and are poor at retaining nutrients, fertilizer
addition to mineral surfaces may be inefficient and can lead to
eutrophication of streams and to a continued requirement for
fertilizers on the disturbed sites (Van Cleve, 1977). Such a mineral
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NITROGEN AND PHOSPHORUS IN ALASKAN TUNDRA ECOSYSTEM 751

system can return to steady state in the tundra only by (1) losing the
bulk of its remaining nutrients so that nutrient losses are small, or (2)
building up an organic mat capable of retaining nutrients within the
system, a process that may require centuries. The problems associ-
ated with revegetation of taiga and alpine and coastal tundra sites
depend considerably on soil moisture, soil ice content, and species
composition of the surrounding community and are discussed
elsewhere (Van Cieve, 1977).

The change from a nutrient-conserving, tight nutrient cycle to
cycles that are progressively more leaky as disturbance becomes more
severe may be characteristic of temperate as well as arctic systems. In
the Arctic, however, the soil has a sraall finite ability to supplement
the existing nutrient supply because the environment severely limits
the rate at which parent material and atmospheric sources can be
tapped. Hence, the consequences of severe disturbance in the Arctic
are particularly serious. These facts should be carefully considered
when management criteria are established in the developing tundra
regions of the world.
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ABSTRACT

A model of tundra soil processes was developed to examine the effects of
temperature, aeration, and substrate quality and the characteristics of the
microflora on decomposition and mineral releise. Decomposition rates are
considered to be determined primarily by substrate quantity, with different rates
being calculated for bacteria and fungi and for dissolved, accessible, and resistant
organic material. Rates are modified by external factors and by nutrient
availability. In the wet meadow the simulated yearly decomposition rate is 166 g
organic matter/m2, with associated release of 4.8 g of nitrogen, 0.11 g of
phosphorus, and 1.3 g of calcium per year. Nitrogen and calcium release levels
are well above plant uptake levels, but predicted phosphorus mineralization is
approximately equal to plant utilization. Since simulated conditions are rarely
aerobic below the top layer of soil, fungal growth is restricted, and this leads to a
buildup of resistant organic material. However, anaerobic conditions increase
mineral release by decreasing bacterial growth efficiency. Low phosphorus levels
in the organic matter in the model lead to decreased fungal activity and to
bacterial immobilization of phosphorus during growth, with mineralization of
this element occurring only through microbial mortality. The modeled system is
remarkably unaffected by moderate changes in heat and drainage.

The history of research in the Arctic has been marked by a
preponderance of studies on the visible life forms and a corre-
sponding paucity of work on microorganisms and the cryptic
processes of the soil. As study of the tundra becomes more intensive,
the importance of soil processes in this environment becomes more
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apparent. The International Biological Program (IBP) Tundra Biome
supported considerable research work on the structure and dynamics
of the soil environment, and much valuable information was
acquired. These studies demonstrated notable differences between
the soil environment in the Arctic and that in agricultural regions.
Arctic soils are consistently cold and frequently anaerobic. Ac-
cumulated organic matter makes up a large fraction of the soil, and
bedrock is far removed below the permafrost. The minerals of the
system are either bound up in undecomposed organic matter or
associated with exchange sites on this organic material, and concen-
trations of inorganic ions in the soil solution are extremely low. Thus
tundra soils resemble wet peat bogs in their anaerobic, mineral-poor,
substrate-rich characteristics and in the high ion-exchange capacities
and low pH values resulting from organic acid accumulation.

Most previous work attempts to synthesize information on soil
processes appear inappropriate to the conditions described. Some
work exists (Beek and Frissel, 1973; Fr.ssel and Reiniger, 1974)
which models soil processes in terms of well-known physical and
chemical laws. These studies were generally based on well-known
parameters of the soil system, however, and devote little attention to
microbiological effects. Some work in agricultural-type soils (Dutt,
Shaffer, and Moore, 1972) includes the biological processes, but
again a detailed and extensive data base is used to generate the
empirical relations for the model.

The major work on decomposition modeling in the tundra has
been done by Bunnell and Dowding (1974) and Bunnell and Scoullar
(1975). They constructed several models of CO2 flux, ranging from
regressions to complex biological simulations. Their reports provide
good descriptions of observed decomposition in aerobic environ-
ments, but since large areas of the tundra soils, with significant
bacterial populations, are anaerobic, models in which low oxygen
levels inhibit decomposition completely are inappropriate. Further-
more, they did not address the role of nutrient limitation, which has
emerged as a common factor in the IBP tundra studies at all trophic
levels.

On a follow-up project to the U.S. Tundra Biome effort, we
constructed a decomposition mode! for the tundra soil which would
synthesize the information available in the literature with that
gathered by IBP researchers. We included the effects of changes in
temperature, oxygenation, soil water, mineral levels, and plant
dynamics, both to evaluate the validity of our model and to apply
existing information to problems of perturbation in the tundra. The
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framework provided by the model allows us to apply general
information about the processes of decomposition to this environ-
ment and to develop quantitative predictions for normal and
disturbed conditions. Although discrepancies between these predic-
tions and observed results are to be expected, the discrepancies can
be used to improve our model of the belowground processes in the
tundra and our ability to predict its behavior.

THE MODEL

Soil processes fail into two broad categories, physicochemical
and microbiological. Most soil models concentrate on physico-
chemical processes because physical and chemical reactions are better
understood and are easier to express mathematically. We chose,
however, to approximate the physical and chemical situation in its
gross outline and to concentrate on biological processes. Our
rationale for this is twofold: (a) Biological processes are the
predominant ones in the highly organic tundra soils, and (b) it is
possible to encode a large fraction of the relevant information on
biological processes in a computer model that is manageable in size,
running time, and internal complexity.

Soil Decomposition

Our concept of the soil system is shown graphically in Fig. 1,
with the living material of the soil mediating all continuous transfers
between the types of organic material and between organic- and
inorganic-nutrient pools. During thaw and freeze-up, however,
physical disruption of the soil allows some material to move from the
resistant to the soluble organic category and some inorganic nutrients
to be added to the soil solution.

The consumption rates of the decomposer organisms are func-
tions of substrate availability, modified primarily by temperature
and, in unfavorable conditions, by water or oxygen stress. We
determined the rate of mineral uptake or release for each substrate
by the balance between the quantity of each nutrient released by
consumption and the quantity needed for growth (determined by 1
energy intake from the substrate). If intake exceeds need, the excess ]
nutrient is released to the soil solution in inorganic form, but, if need -1
exceeds intake, uptake from the soil solution, and possibly limitation j
of consumption, occurs. Thus nutrients can be transferred from
organic to inorganic form by the consumption activity of decom-
posers.
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The death rates of the decomposer populations are fixed
fractions of existing biomass and are not affected by soil conditions.
These death rates add to the amount and alter the nutrient
composition of each type of organic matter. Death also releases
inorganic ions into the soil solution. The effects of microbial death
may vary according to the previous nutrient situation, because
nutrient stresses can lead to alterations in the makeup of decomposer
biomass. Thus physical and chemical conditions in the soil affect
biological activity, which, in turn, determines transfer rates between
the various pools of material in the soil.

State Variables

We divided the soil profile into four layers, corresponding to
physically distinct horizons. In the wet meadow these are the upper
and lower layers of organic soil, mineral soil, and buried peat. The
values of physical and chemical parameters for each layrr are shown
in Table 1. The soil description comes from U.S. IBP work at Barrow
(Brown et ah, in press) and from numerous technical reports.

We considered soil organic matter to consist of three types of
material, soluble, accessible, and resistant. Soluble material moves
with the flow of water and is available for bacterial consumption. We
categorized insoluble material on the basis of bacterial response
(Bunnell, Flanagan and Tait, in press). Accessible organic material
includes proteins, lipids, and starch, and resistant matter includes
lignins, chitin, phenols, hemicelluloses, and cellulose (NDF). Because
little information is available on the composition of soil organic
material in terms of these categories, an analysis of Barrow litter
(Flanagan and Veum, 1974) was used to describe the organic matter
entering the top layer. We used observed differences among age
classes in the standing dead to approximate the increase in resistant
material down through the soil profile. The absolute amount of
accessible substrate in each layer is controlled by the bulk density,
the percent of the soil composed of organic matter, and the quality
of this organic matter defined as percent of accessible substrate.

We separated the decomposer population into two categories,
fungi and bacteria, and simulated the biomass of each category in
each layer. Fungal activity is equal on accessible and resistant
substrates but is stopped by anaerobic conditions. Bacterial activity
is negligible on resistant substrates and is depressed by anaerobic
conditions. We defined the composition of each type of decomposer,
as shown in Table 2, in terms of the inorganic, soluble-organic,
accessible-organic, resistant-organic scheme and by the nitrogen,
phosphorus, and calcium levels found in each material.
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TABLE 1

PARAMETERS FOR THE VARIOUS SOIL LAYERS USED
IN THE SIMULATION MODEL2

Parameter

Thickness, cm
Dry weigh t,b

g m~2 cm"1

Bulk density,15

g/cm3

Organic matter,c

g m~2 cm"l

Soil organic matter
Resistant,"

-2 - !

g m cmAccessible,11

g m" cm"1

1 Soluble,e

g m~2 cm"1

Nitrogen/ mg/g
organic matter

Phosphorus,^ mg/g
organic matter

Calcium,11 mg/g
organic matter

Insoluble inorganic
Nitrogen,'

-2 - ]

g m cmPhosphorus,13

g m~2 cm"1

Calcium,'
g m~2 cm"1

Total pore volume,'
1 liter m~2 cm"1

Field capacity,11

g H2 O/g soil
O2 saturation,'

%atm
Soil solution equilibrium

(all inorganic)
Nitrogen,' ppm
Phosphorus,"1 ppm
Calcium," ppm

Upper organic

4

1300

0.13

780

638

142

1.5

31.5

2.43

6.4

0.269

0.736

6.1

9.0

2.7

60

0.14
0.01
7.6

Soil profile

Lower organic Mineral

4

1800

0.18

990

850

140

1.5

30.8

1.98

6.4

0.321

0.441

7.2

8.5

1.5

30

0.14
0.006
8.5

8

9400

0.94

4700

4178

522

1.5

24.9

o.84

6.4

0.620

1.560

12.1

6.5

0.67

20

0.084
0.005
9.7

Peat

8

5500

0.55

3575

3268

307

1.5

17.4

0.86

6.4

0.634

0.957

10.5

7.5

1.0

5

0.21
0.006

10.5

aData were obtained at Barrow, Alaska, and from published reports.
bBarel and Barsdate (1974a).
cValues are calculated from footnote b taking values of carbon as percent

dry weight given by Gersper and Arkley (in press) and calculating organic matter
as 1.72 C (Miller, 1976).
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TABLE 1 (Continued)

dValues are calculated from total organic matter, fractionation of Barrow-
litter, and standing dead (Flanagan and Veum, 1974).

eValues are calculated from measurements of dissolved organic nitrogen
(Gersper and Arkley, in press) and percent nitrogen in organic matter (Miller,
Laursen, and Calhoun, 1974).

'Values are calculated from Gersper and Arkley (in press).
E Values are calculated from data in footnote b.
h Calcium in litter (Flanagan and Veum, 1974).
'Flint and Gersper (1974).
'Gersper and Arkley (in press).
k Values are calculated from minimum observed water contents throughout

profile, 65% by volume (Gersper and Arkley, in press).
'Values are estimated from data in Barel and Barsdate (19746).
m Values are estimated from data in footnote b.
"Values are estimated from data in footnote k.

TABLE 2

COMPOSITION OF DECOMPOSERS USED IN THE
SIMULATION MODEL*

Decomposer

Fungi
% of weightd

% nitrogen
% phosphorus
% calcium

Bacteria
% of weight
% nitrogen
% phosphorus
% calcium

Totalb

2.9e

0.9B

0.11'

11.5'
3.2'
1.0k

Inorganicb

0
0.4*
0.06h

0.11'

15
5.7k

0.58m

3.3'

Soluble
organicc

5
5*
0.84h

0>

15k

16.9k

7.9m

0'

Accessible
organic0

65
1.9*
0.84h

0*

55k

16.9k

2.5m

0>

Resistant
organic0

30
3.5*
0.84h

0s

15k

3.8k

0.19m

3.3'

aData were obtained at Barrow, Alaska, and from published reports.
bNutrient percent is calculated on total dry weight.
cNutrient percent is calculated on grams for this type of substrate.
dValues are estimated from Cochrane (1958).
eMiller, Laursen, and Calhoun (1974).
'Values are estimated from Cochrane (1958) and Chang (1940).
gLaursen(1975).
hValues are calculated from Chang (1940) results of autolysis.
'Cochrane (1958).
'Assumption—no data were found.
kPorter (1946).
'Webley and Jones (1971).
mBarthoIemew and Goring (1948).
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Rates

The weight of insoluble inorganic material was taken to be
constant over time for all layers. Concentrations of the inorganic ions
in the soil solution determine changes in the pool sizes of the
exchangeable minerals studied (NhJ, H2PO4, and Ca2+). If the
concentration of some element drops below equilibrium values
(Table 1), the exchangeable pool of that element is depleted to
restore the concentration. If the concentration in solution rises above
equilibrium, the element is taken up by the exchange complex. We
specified the fraction of maximum equilibration effect for each ion,
i.e., the change from current to equilibrium concentration which
occurs in each time step. We set these values at 0.5 for nitrogen, 0.95
for phosphorus, and 0.8 for calcium. No measurements are available
for these parameters, but the listed values conform to the qualitative
understanding of equilibrium processes in these soils. By including
chemical equilibrium effects, we were able to monitor the effects of
decomposer activity on the nutrient status of the soil (as reflected by
the status of the exchange complex) and at the same time maintain
an appropriate soil environment for this activity without detailed
simulation of the processes involved.

We simulated water movement as mass flo.v according to the
technique described by Van Keulen (1975) for his crop models. In
general, water can move through only one layer in a single time step,
but water from the surface or the live moss can move through the
upper organic layer and fill the lower organic layer before raising the
water content of the upper layer above field capacity. Any mass flow
of water carries with it dissolved nitrogen, phosphorus, calcium, and
organic material in the concentrations of the soil solution in the layer
from which it comes. Ful1 mixing occurs in each time step. Although
this description is clearly inexact, the magnitude of the errors
introduced by neglecting diffusion and the boundary mixing effect
are minor in this system of low temperatures and slow flow rate and
are negligible in comparison with the uncertainty that exists
regarding many of the characteristics of the soil. The model
calculates soil temperature from a set of finite-difference equations,
which approximate the partial differential equation for heat conduc-
tion in a fluid isotropic in the horizontal direction. An implicit
scheme of solution (Crank and Nicholson, 1947) is employed.

The physical process of soil thaw leads to release of inorganic-
nutrients that may be important to organic soils in cold climates.
Saebo (1968) observed that the disruptive effect of freezing and
thawing in a sphagnum bog causes release of soluble inorganic
phosphorus but not of calcium. Casual observations by Barel and
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Barsdate (19746) on NH3 and by Gupta (1967) on soluble organic-
indicate that these compounds, too, are released. We assume that the
frozen resistant-organic material is physically disrupted; increases in
the pools of exchangeable nutrients appear to be associated with
thawing. The freeze—thaw action occurs as fresh soil thaws and as
the permafrost boundary oscillates with daily temperature fluctua-
tions. The daily fluctuation has been measured as ~ 1.5 cm. We
assume that these oscillations occur, on the average, three times over
any section of the soil during thaw and freezing from below and
twice during surface freeze-up. The model determines the amount
released by applying the calculated release factors for each nutrient
(0.19 mg N/g N, O.?T mg P/g P, and 0.1 mg organic/g organic) to the
frozen resistant material being thawed. To allow for depletion of
available nutrients after repeated passage, we exponentiated the
listed factors by the number of passes—one for new thaw and two
or three for oscillations. The inorganic nutrients released by this
action move into the soil-solution pools. The input from this process
is not subject to equilibration until the following day.

In the model the total weight of insoluble organic material
remains constant in every layer except the top. To replenish the
lower layers after microbial respiration, insoluble organics move
downward in the profile. The new material entering each layer has
the characteristic composition (percent of accessible organics, re-
sistant organics, nitrogen, phosphorus, and calcium) of the organic
material in the layer from which it comes and modifies the
composition of the organic material in the layer it enters. The weight
loss of the top layer is computed from the total weight loss of the
profile and the input of soil from decayed moss and old litter.

The model computes decomposer respiration as a rate per gram
of substrate for each type of organic material and for the two kinds
of decomposers, bacteria and fungi. Under constant conditions this
leads to the exponential decay rate predicted by Minderman (1968)
for a pure substance. We assume that microbial population size never
limits decomposition in the soil. Fungal respiration rates per £ram of
organic matter were determined from observed fungal biomass in the
soil and measured respiration rates of fungal tissue (Miller, Laursen,
and Calhoun, 1974; Miller, 1976). We adjusted respiration rates for
bacteria to produce yearly decomposition rates approximately equal
to the input of organic matter. In the model, temperature modifies
calculated rates of respiration according to an exponential relation-
ship, with Qj 0 being determined separately for each organism and
each substrate type (Table 3). The effects of the water and oxygen
status of the soil are also included. Each of these variables affects the
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TABLE 3

PARAMETERS OF DECOMPOSITION ACTIVITY
FOR THE TWO DECOMPOSERS USED IN

THE SIMULATION MODEL3

Decomposer

Fungi
Rate of respiration.

gg"1 day"1

Q i o
Bacteria

Rate of respiration,
gg"1 day"1

Q i o

Soluble
organic

0.0013e

1.2«

Accessible
organic

4.36 X 10"6 c

3 d

0.0013e

1.88

Resistant
organic

4.36 X 10"6 c

1.5d

1 X 10"8f

58

aData were obtained at Barrow, Alaska, and from published
reports. Rates of respiration are those expected at 10 C on
nutrient-rich substrates.

bAU soluble organic material used by fungi is assumed to
come from enzymatic breakdown of insoluble substrates.

cValues are calculated from respiration rates (Miller, 1976),
fungal biomass (Bunnell et al., 1877), soil bulk density (Barel
and Barsdate, 1974a), and total carbon (Gersper and Arkley,
1977).

dAverage Q, 0 is ~2.00 (Miller, 1976); Q l o is lower for
resistant than for accessible substrates (Bunnell et al., 1977).

eValues are calculated from model response (see text).
'"Very low" (Bunnell, Flanagan, and Tait, 1977).
8 Average Q, 0 for Barrow bacteria is 1.74 (Benoit, 1976); Q, „

is higher for accessible than soluble substrates and highest in
resistant substrates (Bunnell, Flanagan, and Tait, 1977).

activity of the decomposer groups according to a ramp function.
Low levels of moisture inhibit the activity of both bacteria and fungi.
Activity begins when the water content of the soil rises above 2.2%
of saturation (Flanagan and Veum, 1974) and increases linearly with
moisture to a plateau at water contents of 78% for fungi (Bunnell
et al., in press) and 70% for bacteria (McLaren and Skujins, 1968).
Fungi begin to decrease their activity at 20% oxygen (percent
unfilled pore space x partial pressure O2 "=" 0.2), and their respiration
stops at 10% oxygen (Griffin, 1972). At these same levels bacteria
undergo a switch to anaerobic metabolism, either individually as
facultative anaerobes or by population changes. This shift involves a
50% decrease in respiration and a similar decrease in growth
efficiency. Because validation data will be collected as CO2 evolu-
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tion, respiration is first computed as described, and then total
consumption and growth are calculated from it. The efficiency of
growth, the ratio of new tissue produced to organic matter
consumed, is 35% for fungi (Alexander, 1961). The efficiency of
bacterial growth is 3.5% in anaerobic conditions and increases by a
ramp function to 7.5% in aerobic conditions (YVaksmar., 1929). From
the total amount of a particular substrate utilized, we can calculate
the nutrients made available, and the biomass gained determines the
nutrients required for growth. If the amount available is greater than
that required, the excess is added to the pool of inorganic nutrients
in solution. If the requirement exceeds the amount of nutrient
released, however, growth may be restricted. The model compares
the concentration of a particular nutrient in the soil solution with
critical levels reported for the organism (Table 4). If the current
concentration is above the reported limiting values, the model sets
uptake equal to the deficit and lowers the concentration in solution;
growth is not affected. If the concentration is below the limiting
values, respiration and growth decrease linearly with solution
concentration. As the nutrient in the soil solution approaches the
minimum to which it can be depleted by this organism, the growth
and respiration approach a minimum fraction of the expected rate.
This is determined by the fraction of nutrient need being supplied by
the organic substrate. After the model calculates the activity of both
groups of decomposers for all three substrate types, it updates the
composition of the soil solution. If concentrations of any of the
three elements fall below minimum levels for that organism, the
model simulates secondary effects of nutrient shortage. For bacteria,
these effects involve a decrease of the limiting nutrient in the
inorganic pool (Veldkamp, 1968) and, for fungi, reuse of existing cell
contents, with new growth being limited to cell wall production.

The model calculates microbial death rates in each time step as a
fixed percentage of existing biomass, corresponding to a half-life of 1
day for bacteria (Parinkina, 1974) and 5 days for fungi (Laursen,
1976). Dead decomposers add to the organic material and dissolved
inorganic ions of the layer in which they occv.r.

External Area

The simulation described considers a 1-m2 plot in detail. The
simulated area does not exist in isolation, however. We also model
the surroundings to allow for runoff and "run-on" of surface water
and for horizontal water flow along the permafrost. The model
determines the amount of water leaving by these two routes by the
availabiliiy of standing water and of water above field capacity in the
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TABLE 4

LIMITING CONCENTRATIONS OF
NUTRIENTS IN THE SOIL SOLUTION FOR

THE DECOMPOSERS USED IN THE
SIMULATION MODEL3

Nitrogen, Phosphorus, Calcium,
Decomposer ppm ppm ppm

Fungi
Upperb critical

concentration 550° 35.6d 10°
Lowere critical

concentration 0f 1.28g 0h

Bacteria
Upperb critical

concentration 30' 180s 360'
Lowere critical

concentration 0h Dh 0 h

aData were obtained at Barrow, Alaska, and from
published reports.

b Upper concentration is that at which lack of
nutrients begins to inhibit microbial activity if substrate
nutrients are inadequate.

cCochrane(1958).
dThis is twice the level reported as producing

marked inhibition of respiratory activity in Barrow fungi
(Bunnelletal., 1977).

e Lower concentration is that at which microbial
activity will cease if no nutrients are present in the
substrate.

fMorton and Macmillan (1954).
gMann (1944).
hAssumed no data were available.
'Porter (1946).
'Value is 0.1 X optimum media (Van Sehreven and

Harmsen, 1968).

lowest layer. The fraction of the available water which leaves is
determined by the slope of the ground; this can be set separately for
the ground surface and the belowground horizons. The model allows
us to determine the availability and composition of incoming water
either by adjusting from the values seen on the study plot or
determining it independently. We set the concentrations of inorganic
nutrients in this water at 0.2 ppm N [average of snow and rain
(Barsdate and Alexander, 1975)], 0.005 ppm P (estimated as 0.5, the
equilibrium level of top layer), and 1.2 ppm Ca (Brown, Dingman,
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and Lewellen, 1968). Input amount is set by the slope. If the
permafrost is below the modeled section of the soil horizon, a fixed
amount of water (0.1 liter/day) drains from the lowest layer, unless
this removal would deplete it below field capacity.

RESULTS

As stated previously, many of the parameter values used in the
model at present are derived from systems remote from the Arctic
tundra. Consequently, the results we present are hypotheses of the
behavior of natural systems in an arctic tundra. We adjusted the rate?
of bacterial respiration to give a yearly weight loss approximately
equal to the yearly input of organic matter to the soil. The
aboveground production of vascular plants in the wet-meadow
tundra near Barrow has been measured as 75 g m"2 year"1 (Webber,
1974), the turnover of root and rhizome biomass as 100 g m~2 year"1

(Shaver and Billings, 1975), and yearly moss production for the same
area as 26 g m~2 year"1 (Tieszen et al., in press). Decomposition in the
standing dead and in litter leads to a 50% weight loss from the
aboveground portions of vascular plants before these enter the soil
(calculated from Bunnell, Scoullar, and Dowding, in press). Therefore,
we may estimate the total input to the soil as 170 g m ~2 yeai"1. The
rate of bacterial respiiation on soluble and accessible substrates at
10°C in aerobic and nutrient-rich conditions is set at 0.0013 g g"1

day"1 (1.4 ml CO2/day). Using this value, we can calculate a net
weight loss of organic matter of 178 g m"2 year"1. The yearly
simulated rates of mineralization are 4.8 g N/m2, 0.11 gP/m2 , and
1.3 g Ca/m2 (Table 5).

Figure 2 shows the simulated seasonal course of respiration and
mineral release. The sharp increase in activity during June results
from thawing of the soil profile, which is complete over the 24 cm
simulated by July 5. The physical disruption of thawing releases a
total of 0.29 g of nitrogen and 0.015 g of phosphorus. Conditions in
the upper organic layer are aerobic after June 25; this leads to an
increase in respiration. The thawing of the lowest layer produces a
simulated flattening out of phosphorus release at this time. The low
level of phosphorus in the organic matter of the peat layer leads to
an uptake of inorganic phosphorus for bacterial growth, and the
release of phosphorus from bacterial death has not yet occurred to
the same extent. Respiration and mineralization in the soil remain
essentially constant from July 10 to August 25. The quantity of
organic matter in the profile is insignificantly affected by microbial
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TABLE 5

SIMULATED YEARLY EFFECTS OF MICROBIAL ACTIVITY ON
ORGANIC-MATTER ACCUMULATION AND MINERAL

RELEASE UNDER CONDITIONS FOUND IN THE
WET-MEADOW TUNDRA AT BARROW, ALASKA

Soil profile

Upper organic
layer

Lower organic
layer

Soil mineral
layer

Peat layer
Profile total

(24 cm),
g/m2

Change in amount
of organic matter

Accessible,
g m"2 cm"1

- 5 . 1

-3 .8

-11.4
-6 .4

—178

Resistant.
grrf2 cm"'

—0.04

H0.02

+0.06
+0.03

+0.7

Net mineralization
Nitrogen,

g m"2 cm"1

0.186

0.130

0.316
0.129

4.83

Phosphorus,
gm"2 cm"1

8.5 X 10"3

5.8 X 10"3

4.0 X 10~3

2.3 X 1O~3

0.107

Calcium,
gm"2 cm"1

0.04

0.028

0.083
0.046

1.31

activity, and decreasing temperatures in the upper layers are balanced
by increases at greater depth as the depth of thaw continues to
increase. The net release of nitrogen and calcium is due pre-
dominantly to the mineralization associated with growth. Although
growth also leads to phosphorus release in the upper region of the
soil, the low concentrations of organic phosphorus in the mineral and
peat layers lead to immobilization. Net phosphorus mineralization
occurs only because bacterial death releases a high fraction of the
bacterial phosphorus in an inorganic form. By August the surface of
the soil has started to freeze, but the active layer is over 40 cm thick,
and decomposition continues in the lower regions of the soil.
Respiration decreases slowly because the bulk of the organic matter
is located in the lower two layers. Phosphorus mineralization drops
off more steeply because the upper layers of the soil, being richer in
phosphorus than the lower layers, experience a higher rate of release
per gram of organic substrate consumed (1.67 mg P vs. 0.36 mg P/g).
By October 10 simulated activity ceases because the soil is frozen to
a depth of 24 cm, but a deeper section of soil still remains unfrozen
(at 29 to 35 cm depth).

The model predicts low average biomass levels for fungi (3.6 mg
m"2 cm"1 in the upper organic layer) and for bacteria (8.2, 3.2, 8.5,
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6/15 9/15

Fig. 2 Simulated seasonal course of respiration and mineral release
for the entire .soil profile to a depth of 24 cm in a tundra environ-
ment, (a) Respiration, (b) Mineral release, (c) Detail of phosphorus
release.
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and 5.0 mg m"2 cm"1 for the upper organic, lower organic, mineral,
and buried peat layers, respectively). Miller, Laursen, and Calhoun
(1974), who measured fungal biomass throughout the summer of
1973, found that, for two wet-meadow sites, the average values were
480 and 250 mg m"2 cm"1 for depths of 1 to 4 and 6 to 7 cm,
respectively. Soil bacteria have been determined by both plate counts
(1973) and direct counts (1971). Plate-count values gave an average
biomass estimate of 2.3 mg m"2 cm"1 for the top 7 cm of soil. The
direct count yielded 700, 2500, and 3500 mg m"2 cm"1 for depths of
1 to 2, 2 to 7, and 7 to 12 cm, respectively (Bunnell et al., in press).
The rates of fungal respiration and nutrient processing are low in
comparison with bacterial activity. It is noteworthy, however, that
fungal activity involves net immobilization of phosphorus in the top
layer, even though the phosphorus concentration there is more than
twice that of the lower two layers. Fungal activity also leads to a net
loss of resistant organic material in the top layer, but the loss is
outweighed by the increases that occur in the rest of the profile.

The functional characteristics of decomposer populations in the
wet-meadow soil are not well known. Therefore, we used the model
to indicate which characteristics may be most influential in deter-
mining activity and mineral release. The respiratory activity of fungi
in laboratory cultures has been determined (Miller, 1976), but these
rates may be inapplicable to the growth forms found in the field. We
increased fungal respiration by factors of 10 and 100 to assess the
importance of any such inaccuracy. Aerobic conditions occur only in
the top layer, restricting fungi to this region. When the respiration is
increased tenfold, total simulated weight loss from the soil does not
change, but a net loss of 2.3 g of resistant material, rather than a net
gain of 0.7 g, is calculated. When activity is increased by a factor of
100, predicted weight loss from the soil increases to 2.4 g m"' year"1,
including 30 g of resistant material. Nitrogen and calcium release
increases by 20%, but the high growth efficiency of fungi (35%) leads
to a 5% drop in phosphorus release.

We examined the effects of microbial composition in a series of
simulation experiments. The model predicts that a 20% decrease in
the phosphorus level in fungi would lessen limitation of the
organisms by this nutrient and lead to increased fungal activity and
unchanged levels of phosphorus release, but higher phosphorus levels
lead to a depression of fungal activity. Changes of 20% in the
concentration of nitrogen and calcium in fungi have no effect. A 20%
increase in the concentrations of nitrogen and calcium leads
to a 2% increase in mineral release for bacteria, but a 20% increase,
in phosphorus concentration enhances nutrient limitation and leads
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to a predicted 13% decrease in weight loss and a 24% decrease v:-.
phosphorus release. Decreases in bacterial concentrations of all three
elements lead to effects of similar magnitude but opposite sign.
According to the model, a 20% increase or decrease in the fraction of
bacterial phosphorus released in inorganic form by lyses leads to a
22% increase or decrease in the yearly rate of phosphorus release.
Changes in the distribution of nitrogen and calcium in bacteria, and
of all three elements in fungi, have no effect on release rates.

Previous studies show that the efficiency of bacterial growth in
anaerobic conditions ranged from 2 to 5% (Waksman, 1929) to 15%
(calculated from Hattori, 1973), whereas aerobic efficiency ranged
from 5 to 10% (Waksman) to 25% (Hattori). Evaluating the effects
of changes in these values in a series of simulation runs, we obtained
results in two ways (Fig. 3). First, weight loss was determined using
the standard rate of bacterial respiration. Second, this rate was
altered until the total weight loss over the profile was again close to
the observed input of organic matter. Finally, release rates were
adjusted to precisely the same weight loss as a standard run by
multiplying by the ratio of standard to computed weight loss. In our
formulation, as efficiency increases, a constant rate of respiration
leads to an increase in growth because the model calculates
respiration rates first and subsequently produces total utilization and
growth. However, simulated weight loss drops sharply as bacterial
efficiency increases and phosphorus limitation becomes more severe.
When weight loss is set equal to that of the standard run, doubling in
efficiency produces a 15% increase in the rates of nitrogen and
calcium release. This predicted increase comes from the additional
decomposer biomass formed by the raised growth rate and later lysed
to release inorganic ions to the solution. Phosphorus release decreases
drastically, and, at anaerobic efficiencies above 7.5%, net immobiliza-
tion occurs. At an efficiency of 15%, phosphorus immobilization is
0.2 g m~2 year"1, almost twice the net mineralization calculated in
the standard runs with 3.5% efficiency.

We assume that anaerobic conditions depress activity by 50%,
but, because no information exists on this value, we used the model to
investigate the effects of changes in this factor. The same techniques
were used to adjust weight loss and examine changes in release rates.
If anaerobic activity is set at 20% of aerobic, predicted phosphorus
release increases by 17%, to 0.12 g m"2 year"1, but at 80%,
phosphorus release decreases by 5%, to 0.102 g m"2 year"1.

The importance of partitioning the soil organic matter between
resistant and accessible forms fohows immediately from the model.
Any change in the absolute quantity of accessible organic matter

ti
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Fig. 3 Simulated effects of changes in bacterial efficiency on the
total annual net weight loss of organic matter (a) and on mineral
release at standard weight loss (b) for the entire soil profile (0 to
24 cm) in a tundra environment.
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leads to an equivalent change in the rates of weight loss and mineral
release, regardless of increases or decreases in the resistant fraction.
Because no data on nutrient partitioning in the organic matter exist,
we assumed for the standard runs that nutrient concentrations in the
two types cf substrate are equal. Then we tested the effect of this
assumption by altering the partitioning of the total organic pool of
each nutrient to change the concentration in the accessible material
by 20%. For nitrogen and calcium, the model predicts a proportional
change in release rate but no other effects. For phosphorus, the same
alteration leads to a predicted change of 16% in total weight loss and
in nitrogen and calcium release and a change of more than 50% in
phosphorus release.

Using the standard conditions of precipitation and drainage in
our simulation, we show that the top layer (4 c- of the soil is
aerobic throughout most of the summer, and the lower layers remain
waterlogged. The precise level of oxygen present when anaerobic
conditions occur does not seem to be a critical parameter. In runs
where the value was set at 1% of atmospheric pressure instead of
10%, simulated weight loss and mineral release were within 2% of
standard values. Figure 4 shows the effects of varying the moisture
regime from ponding to drainage of the entire 24-cm depth
simulated. Total weight loss from the soil is essentially unchanged.
As drainage and aeration increase, decomposition increases 60% in
the lower organic layer, but moisture stress in the top layer leads to
an equivalent reduction of activity there. When the mineral and peat
layers are drained, bacterial efficiency increases and fungal growth
occurs. Although the model predicts a net loss of resistant material,
this loss is small (4 g m~2 year"1) even when the entire profile is
drained. As the overall efficiency of the decomposers increases,
phosphorus limitation becomes more pronounced. Decomposition is
slowed, and phosphorus mineralization drops almost to zero. The
elimination of aerobicity by ponding decreases simulated weight loss
from the upper organic layer by one-third, but this decrease is only
3% of the total weight loss for the profile. Phosphorus release in the
top layer falls by 20%, a decrease of 7% for the total profile.

A preliminary assessment of the effect of soil temperature was
made in some runs. The temperature for each layer on each day was
raised or lowered by a fixed amount, with no alteration of thaw
depth. When soil temperatures are raised or lowered by 2°C,
simulated weight loss increases or decreases by 12%, and the release
of minerals is altered by the same amount. Raising the soil
temperature by 5°C leads to a net weight loss of 224 g m~2 year"1, an
increase of 26%.
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Fig. 4 Simulated effects of changes in drainage and aeration on the
total annual net weight loss of organic matter (a) and mineral release
(b), expressed as depth to anaerobic conditions, for the entire soil
profile (0 to 24 cm) in a tundra environment.
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DISCUSSION

The quantitative picture we have presented of microbial activity
in the soil is as yet untested, but it sets out a series of verifiable
hypotheses about the relation of decomposition and mineral release
to environmental factors, substrate quality, and parameters of the
decomposer population. Some of these hypotheses can be tested
directly, and others can be assessed by the accuracy of the
predictions to which they lead.

The predictions of the model are in general agreement with the
qualitative descriptions and fragmentary data now available for
validation. The seasonal course of decomposition is flat, as shown by
Benoit's data (Bunnell and Scoullar, 1975), rather than peaked in
midseason. A significant fraction of total weight loss occurs after the
surface of the soil has frozen (Benoit, 1976). Bacterial activity
increases with depth (Bunnell et al., in press), and most decomposition
is carried out by bacteria under anaerobic conditions (Bunnell,
Flanagan, and Tait, 1977). The predictions of the model differ
widely from available data on microbial biomass. This disagreement
may be due to the short residence time of nongrowing population we
used in the model. Use of longer residence tim-is would involve
considering the maintenance requirements of these populations, a
refinement appropriate to the next stage of model development.

Work with the model points out several areas where more
accurate information is needed to describe the natural system and
where intensive monitoring of perturbed sites might be most
valuable. The model predicts that fungal activity is of slight
importance to the nutrient balance of this highly anaerobic system
but is critical to the decomposition of resistant substrates. It also
indicates that changing the fungal species present to species with
different phosphorus levels could lead to significant effects on this
function. The predicted effect of similar changes in the bacterial
population is more drastic, with mineral and carbon balances being
shifted if phosphorus levels in bacteria alter. The elemental composi-
tion of bacteria in undisturbed tundra sites is essentially unknown
and should be determined. The results of our simulations also'
emphasize the value of determining bacterial efficiency in unper-
turbed situations and of monitoring overall decomposer efficiency
during perturbations. On the other hand, the model suggests- that the
ratio of anaerobic to aerobic activity and the nitrogen and calcium
levels of the bacterial populations are not critical parameters for the
overall system.
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Determining the fraction of accessible organic matter in the
lower layers of the soil is necessary to determine bacterial activity
and to compare sites. The chemical composition of these fractions is
also important to the mineral budget of the system. The effect of the
distribution of organic phosphorus on weight loss as well as on
release suggests that subtle changes in the characteristics of organic
matter entering the soil may affect the carbon and nutrient budgets
of a site. We also investigated the effect of drainage, a possible
perturbation to the system. Weight loss remained constant,, but
phosphorus mineralization decreased sharply. Thus the model pre-
dicts that a change in the nutrient budget of the soil may occur
independently of changes in the net decay of organic matter. Overall,
the flow of inorganic phosphorus emerges as the critical factor in the
belowground processes of the wet-meadow tundra. Predicted rates
are both low and extremely sensitive to changes in the environment,
the substrate, and the microbial population itself. This result agrees
with the general concept of the tundra ecosystem as developed by
Schultz (1969) and with IBP results for plants (Chapin, Van Cleve,
and Tieszen, 1975) and for animals (Batzli et al., in press).
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CLIMATIC REGULATION OF DECOMPOSITION
RATES OF ORGANIC MATTER IN
TERRESTRIAL ECOSYSTEMS

VERNON MEENTEMEYER
Department of Geography, University of Georgia, Athens, Georgia

ABSTRACT

The effective climate that regulates decomposition rates of organic matter is that
part of climate which actually enters and powers the decomposer system, not
some measure of the state of the atmosphere. Existing knowledge on how
decomposers function suggests that decomposition is regulated by interactions
of biologically active energy and moisture. A search for some measure of this
climate indicated that actual evapotranspiration (AET) by an ecosystem is the
only meteorological variable controlled by energy and moisture. It was
hypothesized that AET could be employed as a marker for this effective climate.
Data on decomposition rates in stable terrestrial systems were collected from
many biomes. The AET occurring during the time and . i the place of data
collection was reconstructed using water-budgeting techniques. That correlations
of AET with measured decomposition rates were consistently outstanding (r =
0.98) indicates that AET can be employed as a reliable predictor of
decomposition rate. Preliminary curve fits are presented which use only climatic
information to predict decomposition rates of leaf litter. A map of the predicted
regional decomposition rates for the United States was prepared using a curve fit
of AET with decomposition rates.

A fairly direct relationship has generally been assumed to exist
between the decomposition rate of litter elements and the prevailing
weather and climate. Witkamp (1969), measuring CO2 evolution
from the floor of a temperate forest, found a high correlation (r =
0.96) between the average hourly CO2 evolutions and average
hourly temperature (over 9-hr days). Referring to his earlier study,
Witkamp (1971) suggested that 88% of the variability in litter
breakdown can be accounted for by time, temperature, and
moisture. Van der Drift (1963) attempted to formulate relationships

779
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between the rate of litter breakdown and the seasonal and annual
temperature and precipitation in a forest near Zutphen, Netherlands.
Reiners (1968) found that the evolution of forest floor CO2 in
Minnesota followed closely the law of Van't Hoff and Arrhenius,
doubling for every increase in temperature of 10°C. In Minnesota,
however, moisture was reported not to be lacking. In his review of
relevant literature, Witkamp (1971) suggested that in humid environ-
ments decomposition rates are controlled primarily by temperature,
but under more arid conditions the action of the decomposers is
affected by soil moisture.

There is an important similarity among the studies cited and
many other decomposition studies as well. This is the fact that the
qualitative and quantitative generalizations and the models produced
apply primarily to the ecosystem and prevailing climate in the
individual study areas. The statements made probably cannot be used
to predict decomposition rates in highly different environmental
systems. In an attempt to formulate a "universal" model of
climate—decomposition rate relationships, I conducted a literature
search of what is known about the life requirements of decomposers.
Despite their extreme complexity in species composition and
successional characteristics, decomposers can clearly be treated as a
single community, and, regardless of their particular niches, decom-
posers require ambient energy and moisture to attack and digest the
substrate.

What is required in a general model of the role of climate in
regulating decomposition rates is some measure of the biologically
effective energy and moisture. Temperature and precipitation might
be considered, but they are primarily measures of the state of the
atmosphere and do not relate well to soil—litter systems.

One existing climatic variable is an indicator of both energy and
moisture, i.e., the actual evapotranspiration (AET or latent heat flux)
of a vegetated soil. Actual evapotranspiration increases as environ-
mental energy increases if water is available in soil and litter. When
either energy or moisture is limiting, AET will be reduced. Thus AET
responds to all possible permutations of energy and capillary water
states of the soil and litter. Consequently, I suggest that AET be
considered and tested as a predictor of litter breakdown rates.

METHODS

To test the AET hypothesis, especially with respect to its ability
to predict breakdown rates in differing environments and ecosys-
tems, I collected decomposition rates from a variety of published
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sources representing many terrestrial biomes. I then attempted to
reconstruct the AET during the period and at the place where
decomposition rates were measured.

Actual evapotranspiration is measured at only a few places
worldwide and only with great difficulty. Therefore, to test the AET
hypothesis, we must estimate AET using moisture-budgeting tech-
niques. The 1955 revised water budget by Thornthwaite was used to
formulate this estimate of AET (Thornthwaite and Mather, 1955).
The Thornthwaite method, which has received general acceptance by
climatologists, is attractive because it employs, as inputs, tempera-
ture, precipitation, latitude (to compute a day-length factor), and a
measured or assumed capillary storage capacity for the root-zone
soil. Since world weather records of temperature and precipitation
are common, it is possible to reconstruct the AET for many places
on earth and often for many decades in the past.

The field capacity storage of water in the root-zone soil is an
important parameter in the water budget. It is, of course, desirable to
have a measured storage value, but in lieu of this I assumed a
generous capacity of 300 mm for all decomposition measurement
sites for which AET was reconstructed.

Appendix A, which lists sites where decomposition rates have
been measured, is a subset of all the places where decomposition
research has been conducted. Many sites and many data could not be
included in this analysis, however, because of several inadequacies
and problems. First of all, many sites simply could not be located
because insufficient site description was given with respect to
villages, landmarks, and elevation. Knowledge of the location and
elevation of a site is essential in the accurate reconstruction of the
climatic environment. It should be standard practice in all studies
based on field-derived data to report the exact longitude, latitude,
and elevation. Second, some sites were so remote from even simp'e
weather stations that interpolation could not be employed with
confidence. Third, the original observations of breakdown were often
of insufficient duration. It is well known that breakdown occurs
rapidly at first but declines through time. This breakdown rate can
often be defined by an exponential curve, but departures from the
curve are common and sometimes extreme and can lead to serious
errors if extrapolations from a few months' data to an annual
decomposition rate are attempted. Finally, to control variability
caused by stage of succession and marked disturbance, I included
only data from nearly mature sites.

Actual evapotranspiration was reconstructed for the time and
place of original measurement of decomposition. Although a
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maximum of 300 mm of soil storage was assumed in all ca • ;'
became necessary to estimate AET in several ways. In some w< :

original s tudy, e.g., the one by Van der Drift (1963), provided <,-. -.•
temperature and precipitation data. This permits the bestesti!!1 ' •
possible of the water-budget parameters. In other cases AK'I -
interpolated from data of surrounding weather stations. In a !;•••!•>'.
case long-term average values of AET had to be used becav > :
inadequate weather data during the time of the original study, in tn:s
manner, AET was reconstructed for 24 annual decomposition r;i; <.•.•>
measured at 14 different sites including arctic and tropical locaiio< :•

RESULTS

Appendix A presents the data used in this analysis. Decomposi-
tion rates are expressed here as an annual breakdown percentage, as
—k, and as 5/k, which approximates the time required to achieve 99%
breakdown of leaf litter. The 5/k term assumes an exponential
breakdown curve that may depart significantly from the actual curve.
In this study the annual breakdown percentage was preferred. For
complete breakdowns that are more rapid than 1 year, the
percentages are given in excess of 100. Thus an annual breakdown of
200% would indicate disappearance on the average in 6 months and
of 300%, 4 months.

Simple linear regression and correlation of annual decomposition
rate with annual evapotranspiration is presented in Fig. 1. A linear fit
can be achieved by plotting the decomposition data on a log scale.
Although correlation coefficients tend to become inflated somewhat
by the use of log-transformed data, the coefficient is remarkably high
(r = 0.98). Therefore about 96% of the variation in decomposition
rate can be accounted for by the variation in annual AET (r2 = 0.96).
In view of the problems associated with measuring breakdown and
with reconstructing an estimated AET, the degree of relationship is
indeed encouraging. Apparently the hypothesis that AET can be used
as an index of the effective climate of the decomposers can be
accepted, at least tentatively.

As an additional test of the fidelity of AET as a predictor of
decomposition rates, AET was correlated with 5/k. In this analysis
the r and r2 values were again quite high (r = —0.979 and r2 =
0.958). A linear regression equation was derived based on log-
transformed values of 5/k, with an intersection of the Y axis (zero
AET) at 52 years. The regression equation for this relationship is

Y' = log 5/k = 1.7 - 0.001575 X
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where X is AET in millimeters per year. The fact that the Y axis is
intersected at 52 years suggests that further curve fits may be needed
because some arctic environments with extremely low AET values
will have 5/k values equal to hundreds or thousands of years (Bliss et
al., 1973).

Most of the data points used in the linear regression of AET with
annual percentage breakdown (Fig. 1) and the regression of AET

Y1 = Log% = 1.127 + 0.0010181X
X = AET (mm/yearl
r = 0.98

r2 = 0.96
N = 24

I I I I I I I I I I I I I I I I I I I I I I I I l l I I I I I I I
100 300 500 700 900 1100 1300 1500 1700

ANNUAL AET, mm

Fig. 1 Linear regression and correlation of annual decomposition
rate with annual actual evapotranspiration (AET).
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with 5/k years were derived from isolated 1- or 2-year experiments.
However, breakdown rates are expected to vary from year to year
because of annual differences in weather and a host of other
variables. If AET is to be accepted as a good predictor of
decomposition rates, it should also predict the annual changes in
these rates. Fortunately, this question can be tested because Van der
Drift (1963) measured decomposition rates for 6 years (1957 to
1962) in a deciduous forest near Zutphen, Netherlands. It was his
goal to demonstrate the role of weather in annual variations in
breakdown rate, but he found rather crude relationships when he
used temperature and precipitation alone. The average breakdown of
his combined mull and mor sites is listed in Appendix A. These data
were included in the regression analyses presented. We can now
isolate his data and, using the regression equations, predict year-to-
year variations in breakdown on the basis of annual AET.

Table 1 presents a comparison of measured values of 5/k and
annual percentage with the predicted values for the years 1957 to
1962. In all cases the predicted rates are lower than the measured
rates. For the annual percentage rate, the average predicted rate was
57.00, and the average measured rate was 66.33. The agreement
between predicted and measured values is within 20%, but the
closeness is in part an artifact of the original least-squares fit. More
important perhaps than the relative prediction error is the fact that
the march of variation in annual AET is closely matched by the
corresponding fluctuation in decomposition rate. This suggests, as
expected, that different systems have different efficiencies or

TABLE 1

PREDICTED VALUES OF 5/k AND ANNUAL PERCENTAGE
DECOMPOSITION COMPARED WITH VALUES MEASURED
BY VAN DER DRIFT (1963) AT ZUTPHEN, NETHERLANDS

Year

1957
1958
1959
1960
1961
1962

Measured

5/k*

2.7
3.8
6.4
5.2
4.3
6.1

%

84
73
54
62
69
56

Predicted

5/k*

4.5
4.8
6.9
5.6
4.4
6.6

%

64
61
48
55
65
49

*The time in years required to achieve 99% decomposition assuming
an exponential decay function.
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responses by the decomposers and that AET—decomposer relation-
ships that apply only to specific sites and litters can be developed.

Some disagreement between the predicted and measured decom-
position rate for any particular decomposer system is to be expected.
Yet it is tempting to produce a reference map of decomposer activity
based on these preliminary regression equations. Figure 2 is such a
map for the conterminous United States. It is a prediction of the
regional variation in annual decomposition percentage using long-
term averages of AET in the prediction equation. In any particular
year the AET may depart from its average, as can be seen in Table 1.
However, the map can serve as a reference to which results from new
decomposition studies can be compared and from which more
refined statements of climate's role in decomposition might develop.
Even if this does not happen and even if the map is an incomplete
statement of decomposer activity, it is rare because few regionaliza-
tions of aspects of ecosystem dynamics presently exist.

DISCUSSION

Apparently then, AET is a reasonably good predictor of
breakdown rates in many of the earth's ecosystems and can be used
to predict annual variations in breakdown rates at one site. In a
previous study (Meentemeyer, 1974), AET was used to predict
seasonal variations in decomposition rates. Yet there is considerable
variation that AET alone cannot account for because of influences
by the decomposers themselves, by the patatability and physical-
chemical nature of the substrate, and by additional environmental
variables. Such influences include leaching and the phenomenon of
decomposer "bloom" after soil and litter have been thoroughly dried
and then rewetted as indicated by the experiments of Birch (1958).
Thus the predicted decay rates for arid and semiarid systems should
be underestimated. Furthermore, the curve-fits presented here apply
in a strict sense to leaf litters only, although we would also expect to
find a reasonable relationship between AET and other litter
components. Certainly the curves for other components should vary
from those presented here.

Much of this work is admittedly preliminary. An analysis of
Table 1 suggests where additional work may be profitable. Clearly
the curve-fits under predicted the measured rates in this Netherlands
forest, perhaps because the curve-fits were based on a variety of leaf
litters, including slowly decomposing conifer litter. Also the curve-
fits included breakdown rates measured by the use of bags; this
biases the measurements toward lower values. Therefore it is not
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Fig. 2 Isopleths of percent of leaf litter produced annually which will decompose in the first y< •
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surprising that the equations underestimated the readily decompos-
ing leaf litters in a deciduous forest in The Netherlands. Moreover,
these data were derived from in situ measurements of turnover rates.

The effective climate of the decomposers is successfully reflected
by the combined estimates of energy and water inherent in AET. But
it is also clear that climatological information cannot be substituted
for biological information in decomposer models. Both kinds of
information are required, especially if the models are to be applicable
in many regions and ecosystems. I can envision, for example, that
Fig. 1 should in reality be composed of a family of curves in which
the nature of a specific curve would depend on biological, chemical,
and physical modifiers. Cromack (1973) demonstrated the utility of
lignin concentrations in predictions of breakdown rates. Perhaps
lignin could be employed as a modifier of the basic AET equation to
produce a family of curves that depend on lignin concentrations.
This is an immediate research goal but will require a considerable
amount of new information and work on lignin.

The AET hypothesis itself needs further testing, and, because
AET is presently being estimated by water-budgeting techniques, we
need to examine these procedures and refine them if necessary.
Certainly the assumption that 300 mm of capillary water is available
in root-zone soil and litter needs to be examined. In disturbed sites
this storage should be lower so that total annual AET should also be
generally lower. The degree to which various disruptions alter the
climate and decomposer relationships is largely unknown, however.
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APPENDIX A SUMMARY OF INFORMATION USED TO PREDICT DECOMPOSITION RATES FROM CLIMATIC DATA

AET, mm Litter type
Annual

breakdown, 5/k Reference Remarks

Barrow, Alaska

Barrow, Alaska

Devon Island
Northwest Territories

Devon Island
Northwest Territories

Finland
Finland
Finland
Finland
Athens, Georgia
Bangor, Maine

Coweeta, North Carolina
Oak Ridge, Tennessee

Zutphen, Netherlands
Zutphen, Netherlands
Zutphen, Netherlands
Zutphen, Netherlands
Zutphen, Netherlands
Zutphen, Netherlands
Kade, Ghana

Ibadan, Nigeria

Yasigambi, Zaire

Yapo. Ivory Coast

Banco, Ivory Coast

Omo, Nigeria

116 Dupontia fischeri 15

116 Duponiia fi^heri 18

147 Core* 19

147 Carex 12

330 Mixed deciduous—spruce 30
390 Mixed deciduous-spruce 30
475 Mixed deciduous—spruce 46
490 Mixed deciduous—spruce 42

(414)* White oak—dogwood 40
607 Conifer 42

730 Mixed 50
830 White oak 72

547 Deciduous mull—mor 54
558 Deciduous mull— mor 56
605 Deciduous mull—mor 62
646 Deciduous mull—mor 73
663 Deciduous mull—mor 84
670 Deciduous muil -mot 69

1340 Moist semideciduous 300

1230 Dry semideciduous 300

1310 Muist evergreen 400

1500 Moist evergreen 400

1540 Moist evergreen 350

1500 Moist evergreen 300

0.160 31

0.200 25

0.210 24

0.130 3H

0.356 14
0.356 14
0.616
0.544
0.510
0.544

O.70O
1.270

0.776
0.821
0.967
1.309
1.832
1.171

15.150

8.1
9.2
9.8
9.".

7.1
3.9

6.4
6.1
5.2
3.8
2.7
4.3
0.33

Benoit, Campbell,
and Harris, 1972

Benoit, Campbell,
and Harris, 1972

Widden, Newell, and
Parkinson, 1972

Widden, Newell, and
Par!;inson, 1972

Mikola. 1960
Mikola, I960
Mikola, 1960
Mikola, 1960
Lee, 1974
Hayes, 1966

Cromack, 1973
Witkampand Olson,

1963
Van der Drift, 1963
Vander Drift, 1963
Van der Drift, 196u
Van der Drift, 1963
Van der Drift, 1963
Van der Drift, 1963
John,1973

15.150 0.33 Madg., 1965

20.000 0.25 Laudelout and
Meyer, 1955

20.000 0.25 Bernhard, 1970

17.240 0.29 Bernhard, 1970

15.150 0.33 Hopkins, 1966

First year

Second year

First year

Second year

First year
First year
First year
First year
AET, 8H months only
C '^ber 1959 to

October 1960
First year
From combined data

1959
1962
1960
1958
1957
1961
—k estimated from

mean years of decay
—k estimated from

mean years of decay
—k estimated from

mean years of decay
—k estimated from

mean years of decay
—k estimated from

mean years of decay
—k estimated Irom

mean years of decay

>

c
r

5
o

a
m

8
-o

o

oz
33

5

•For 12 months, —k = 0.75.



ORGANIC MATTER BUDGET IN A
MIXED-HARDWOOD FOREST
IN NORTH CENTRAL FLORIDA

ARIEL E. LUGO, JOHN F. GAMBLE, and KATHERINE CARTER EWEL*
Botany Department, University of Florida, Gainesville, Florida

ABSTRACT

Organic-matter flows through a mixed-hardwood forest were analyzed as part of
a study of the unusual behavior of I 3 7Cs in Florida ecosystems. The data
suggest that rates of organic-matter flow in the mixed-hardwood forest in north
central Florida more closely approach those of similar systems in tropical areas
than in temperate areas. Annual litter fall was 1069 g/m2; litter turnover,
1.3/year; net daytime productivity of leaves and twigs, 12.4gm~2 day"';
nighttime respiration, 5.1 gm 2 day ' ; and stem respiration, 1.4 gm 2 day ' .
Constancy of litter storage (820 g/m2) and leaf fall and lack of net wood
deposition indicate that the forest is in steady state. It was concluded that ' 37Cs
accumulation in this forest is probably caused by intrinsic ecosystem processes,
as previously suggested, rather than by buildup that might be expected in a
successional ecosystem.

The southern mixed-hardwood forest in north central Florida is
considered to be the climatic climax ecosystem of the region (Monk,
1965). It was never widespread in Florida because it depends on
well-drained loamy soils, whereas sandy soils that are either droughty
or subjected to a high water table predominate throughout much of
the state. This type of ecosystem is now becoming increasingly rare
since the soils on which it flourishes are excellent for agricultural
uses and remaining mixed-hardwood forests are ideal sites for
residential development.

*Present address: School of Forest Resources and Conservation, University
of Florida, Gainesville, Florida.
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A mixed-hardwood forest at the University of Florida Horticul-
tural Farm, 16 km northwest of Gainesville, has been under study
since 1969 to determine whether radiocesium (' 37Cs) in the fallout
accumulates in natural ecosystems and, if so, whether it accumulates
in a compartment with a counterpart in a managed ecosystem. The
goal of the study was to find out why 1 3 7Cs concentrations
continued to be above average in Florida long after aboveground
testing had been discontinued. Analyses of flows of inorganic
nutrients (Gamble, 1971; Ewel, Gamble, and Lugo, 1975) have
suggested that cycles of certain elements, 1 3 7Cs and potassium in
particular, are tighter than cycles of other nutrients; mycorrhizal
uptake mechanisms were implicated as being partially responsible.

Since the rate at which inorganic nutrients cycle in an ecosystem
depends in large part on the rate at which carbon flows through the
system, it was also necessary to quantify the major organic pathways
in the forest to define the driving force of the ecosystem. Here we
present results of measurements of rates of litterfall, litter decompo-
sition, leaching of organic matter from the canopy and trunks, and
organic production and respiration.

METHODS

The forest at the Horticultural Farm is dominated by water oak
(Quercus nigra), laurel oak (Quercus laurifolia), and hickory (Carya
glabra). The mean annual rainfall for the region is 1275 mm, and the
average temperature is 21.1°C.

Twenty 0.25-m2 baskets were located at 10-m intervals along a
transect in the 1-ha study site. Litter that had fallen into the baskets
was collected every 2 weeks between July 1969 and May 1973. The
litter was separated into leaves (by species), wood, and miscella-
neous, and was then dried at 70°C for 3 days and weighed. Standing
crop of loose litter was measured 12 times over a period of 2 years.
Each time collections were taken from 10 0.25-m2 randomly located
sample stations in the study area. The samples were dried for 3 days
at 70°C and weighed.

An additional 100-m2 plot was established just outside the main
study site for collecting stemflow samples. All the diameters and
heights of trees in this plot were measured at the beginning of the
study (1971) and again 3 years later. The 12 trees, representing six
species and a range of heights from 7.5 to 26.5 m, were outfitted
with stemflow collars. Stemflow samples were collected between
July 1971 anr1 June 1973. Throughfall samples were collected during
the same time from 30 plastic collectors in the main study area.
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Chemical oxygen demand (COD) determinations were run on
12 rainfall samples, 13 throughfall samples, and 201 stemflow sam-
pies, by the standard potassium dichromate method of analysis
(American Public Health Association, 1960). These determinacions
were used to estimate the total organic matter dissolved in these
waters. Rainfall was collected from a recording rain gage located
outside the forest. The water budget presented by Ewel, Gamble, and
Lugo (1975) was used to calculate organic flows to the forest floor.

Freshly fallen leaves were used to fill 48 decomposition bags
made of 0.2-cm screen cloth. The bags, which were partially open on
the sides to allow passage of soil animals, were randomly distributed
on the 1-ha plot. Six randomly selected bags were collected at 2-, 4-,
8-, 16-, 32-, 64-, 90-, and 128-day intervals between December 1972
and April 1973. Control bags were kept both in the laboratory and in
field locations. After collection the contents of the bags were dried
to constant weight at 70°C and weighed.

The rates of production and respiration of organic matter were
estimated for the summertime by measuring gas exchange through r
forest prism dominated by water oak and laurel oak. An infrared
CO2 gas analyzer was used to determine net daytime photosynthetic
and nighttime respiration rates of plants. Methodology was identical
to that followed by Carter et al. (1973). Clear polyethylene
chambers placed over branches, stems, and understory plants were
ventilated constantly with air blowers to prevent overheating and
abnormal CO2 buildup inside the chamber. Temperatures inside the
chambers were never more than 3°C greater than those outside, nor
was the difference between CO2 in inflowing and outflowing air
greater than 5 ppm. Air entering and leaving each chamber was
analyzed for CO2 concentration once each hour for a 24-hour
period. Four chambers were monitored simultaneously, and 15 diur-
nal determinations were made, including one at a height of 20 m Li
the forest. Metabolic rates were calculated from the concentration
differences of air samples before and after they passed through the
chamber. The gas analyzer was calibrated with standard gases once
every 15min. The equipment was powered by a 4.5-kw diesel
generator. After each diurnal measurement the material in the
chamber was harvested, its surface area was determined by planime-
try, and the sample was dried at 70°C for 3 days before weighing.

Leaf area indexes (LAI) were determined to reduce metabolic
data to a ground-area basis. Leaf area was determined from three
randomly located 1-m2 prisms. Sample leaves and twigs from the
prisms were taken every 5 m and were separated, planimetered, dried
at 70°C for 3 days, and weighed.
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RESULTS

Figure 1 shows the pattern of wood and leaf fall. Over the 4-year
| period, there was a strong seasonal pulse of leaf fall in November and
i December and a subsequent smaller pulse, usually in March. Oaks,

like most of the species, dropped leaves throughout the year, with
seasonal peaks in November and December. Scuppemong (Vitis
rotundifolia) and sweet gum (Liquidambar styraciflua), however,
exhibited leaf fall only during the October and November peaks, and
magnolia (Magnolia grandiflora) dropped leaves only in the spring
and summer. Seeds and flowers followed a pattern similar to the leaf
fall of magnolia. Acorns fell predominantly in the fall and winter,
and wcod fall exhibited strong pulses throughout the year.

Table 1 summarizes the annual rates of litter production. A
randomized block analysis of variance (ANOVA) showed no signifi-
cant differences (P > 0.05) among mean monthly rates during the
3 years of measurement in any of the litterfall categories.

In August 1971 an insect outbreak defoliated many hickory
trees, leaving all other species virtually untouched. Of 64 hickory
trees inventoried, 31 [mean diameter at breast height (dbh),

; 31.6 ± 2.7 cm (plus or minus standard error)] lost more than 50% of
their canopy. Smaller trees (mean dbh, 15.8 ± 2.0 cm) either were not
affected or were defoliated slightly (<25%). On Aug. 13, 1971, at
the peak of the outbreak, insect frass fall averaged 43.3 ± 13.8 g m~2

day"1. This number is six times the annual mean for insect frass
recorded in the litter collections in Table 1. Since the outbreak
coincided with a rainy period (235 and 285 mm of rainfall in August

j and September, respectively), the pellets dissolved rapidly on the
I forest floor. The outbreak was reflected in a higher rate of

miscellaneous fall (mostly leaf midribs), a 25% decrease in the annual
leaf fall, and a lower rate of leaf fall during the November—December
peak (Fig. 1). These differences did not prove to be statistically
significant, however.

Fifteen percent of the leaf litter placed in the decompor ^n
bags decomposed in the 128-day period of the study (Fig. 2). xhis
corresponds to a decomposition constant, K, of 0.04/month.

f Measurements of gas exchange through the forest prism yielded
t the following mean values, in grams per square meter per day, plus or
j minus standard error, for shade leaves, sun leaves, and seedlings: for
1 net daytime photosynthesis, 0.77 ± 0.2, 3.6, and 0.12, respectively,

and for nighttime respiration, 0.65 ± 0.17, 1.2, and 0.36, respec-
tively. One diurnal was run on sun leaves and seedlings, and seven
were run on shade leaves. The mean 24-hr respiration rate of stems
from six samples was 1.4 ± 0.32 g m"2 day"1. The first 10 m of the
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Fig. 1 Patterns of leaf and wood fall in a mixed-hardwood forest in north central
Florida. Each point is the mean of 40 individual basket collections taken each month.
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TABLE 1

795

ANNUAL LITTER PRODUCTION (g/m2 ) IN A NORTH CENTRAL
FLORIDA MIXED-HARDWOOD FOREST

Coiiipartment

Total leaf fall
Oaks (3 species)
Vitis rotundifolia
Liquidambar

styraciflua
Pinus taeda
Magnolia

grandiflora
Other species

Wood fall
Total miscellaneous

fall
Insect frass
Acorns
Seeds aiid flowers

Total litter fall

1969
(July-
Dec.)

3 3 0
103

13

15
5

0
194
162

4 8
4

33
8

540

1970

4 8 0
247

15

8
7

0
2 0 3
172

81
7

33
18

7 3 3

1971

3 1 6
134

11

7
10

3
151

1218

100
6

45
22

1634

1972

4 5 6
190

12

10
13

3
228
3 0 0

85

t
t
t

841

1973
(Jan.—May)

75

t
t

t
t

t
t

9 1 8

3 3

t
t
t

1026

Mean* for
1970—1972

417 + 51
190 ± 32
13 ± 1

8± 1
10 + 2

2 + 1
Ifl4 + 22
563 ± 329

89 ±6
7 + 1

39 + 6
20 + 2

1069 + 284

*Plus or minus standard error.
+Not separated into categories.

forest had a LAI of 2.42 m2 /m2, and the upper strata had a LAI of
2.93 m2 /m2 .

Estimated annual organic-matter flows in rainfall, throughfall,
and stemflow were 27, 21, and 9 g/m2, respectively. The differences
among mean organic-matter concentrations from the individual trees
were significant (P < 0.05). Although the highest concentration of
organic matter was found in stemflow [115 ± 7 mg/liter], quantities
of water (672 mm/year in throughfall vs. 74.1 mm/year in stemflow)
made throughfall the largest source of organic matter for the forest
floor.

The basal areas of the stemflow plot in 1971 and 1974 were 51.2
and 52.7 m2/ha, respectively.

DISCUSSION

Estimates of net daytime productivity, nighttime respiration, and
gross primary productivity, in grams per square meter per day, based
on gas-exchange studies and corrected for LAI, were: net daytime
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Fig. 2 Decomposition rate of leaf litter in a mixed-hardwood forest
in north central Florida. The data were collected between December
1972 and April 1973. Data points are means; vertical bars indicate
standard error.

productivity, 12.4; nighttime leaf respiration, 5.1; and gross primary
productivity (the sum), 17.5. These estimates, which are for leaves
and twigs only, were made at the end of the growing season after the
forest was in full leaf. The estimated net daytime productivity was
lower than the 23.4 g m"2 day"1 reported by Odum (1970) for a rain
forest in Puerto Rico but higher than the 9.6 g m"2 day"1 estimated
by Woodwell and Botkin (1970) for an oak—pine forest in
New Jersey. Both studies used the same methodology used in this
study. The respiration of stems (1.4 g irf2 day"1 ) was similar to the
value of 1.5 reported by Odum but lower than the 2.6 reported by
Woodwell and Botkin.

The 10.7 tonnes ha"1 year"1 of total litterfall (incorporating
wood and miscellaneous fall) was higher than the 5.5 tonnes ha"1

year"1 reported by Bray and Gorham (1964) for warm temperate
regions; it was equivalent to the 10.9 tonnes ha"1 year"1 for
equatorial regions.

The short time interval of this study makes extrapolation of litter
decomposition to an annual basis questionable, but the annual
turnover of litter can be estimated from the morr extensive litterfall
and litter standing-crop data. The standing crop of litter averaged
819 ± 70 g/m2. A randomized block ANOVA showed no statistical
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differences in total litter for determinations made throughout the
study period. The turnover rate, or the ratio of leaf litterfall
(417 + 51 (SE) g m"2 year"1 ) to litter storage, is, thus, 0.5/year. This
agrees with the extrapolated leaf decomposition data (Fig. 2). The
turnover rate of litter, on the basis of total litterfall (1069 ± 284
g m~2 year"1), is 1.3/year. These calculations suggest a balance
between leaf fall and leaf decomposition and, at least, an annual
turnover of litter. Rates of wood decomposition and/or its accumula-
tion are not known, however. The residence time of large stumps
should be longer than that of the litter compartment.

The contribution of stemflow and throughfall to the forest floor
is negligible in comparison with litterfall. The concentration differ-
ences observed in stemflow water should not be overlooked,
however. Some species yielded high organic-matter concentrations
regardless of their annual water yield. Examples of these species are:
Pinus taeda, organic-matter concentration, 129 ± 27 mg/liter and
water yield, 5.9 mm; Ostrya virginiana, 143 ± 14 mg/liter and
11.1 mm; and Quercus laurifolia, 132 ± 18 mg/liter and 18.9 mm.
Species with low organic-matter concentrations in stemflow waters
are: Liquidambar styraciflua, 97 ± 13 mg/liter and 0.5 mm; Quercus
nigra, 91 ± 10 mg/liter and 31.4 mm; and Carya glabra, 55 ± 8 mg/
liter, and 6.1 mm. All these values were corrected for rainfall, which
exhibited an organic-matter concentration of 23 ± 6 mg/liter and an
annual water yield of 1175 mm. This flow of labile organic materials
is readily available to organisms growing in the vicinity of trees and
could account for the observed growth pattern of mushrooms and
other fungi around the bases of trees. Concentrated energy inputs
around tree stems could be the first of a series of factors that lead to
differential leaf decomposition rates under the crowns of trees
(Odum, 1970).

The insect outbreak that defoliated many hickory trees damaged
large trees more than smaller trees. Rates and proportions of litterfall
were changed by the outbreak but not significantly. The outbreak
must have had an important effect on the short-term mineral cycles
of this forest, however. In only a few days, insects converted a large
amount of leaf tissue into mineralized fecal pellets that were rapidly
dissolved by rain and presumably returned to the trees. Although
recycling would have occurred eventually, it would not have been
compressed into such a short period. Nutrients made available in this
manner are expected to have benefited species and individuals not
defoliated during the outbreak.

In a study of light transmission through the canopy of a
mixed-hardwood forest located next to our study site, Ewel (1969)
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found a higher efficiency of visible light utilization in this type oi
forest than in any other temperate forests for which he h;u-
information. Since canopy closure could not account for the
difference, he attributed this higher efficiency to higher speck--
diversity. Diversity of tree species generally increases towards tin1

tropics, and the mixed-hardwood forest under study has the highest
tree diversity of any Florida ecosystem (Monk, 1967). In a study of
the floristics of this forest type, Monk (1965) concluded that this
forest had more affinity to other temperate mixed-hardwood forests
than to tropical forests. Our study shows, however, that, in terms of
functional criteria (productivity, litterfall, respiration rates, and
perhaps decomposition), this forest is more similar to tropical than
to temperate systems. Ewel's findings on efficiency of light utiliza-
tion and the rates of mineral cycling determined by Ewel, Gamble,
and Lugo (1975) further support this idea. The proximate causal
factor for this high diversity may be the combined effects of a longer
growing season (240 days), the fertility of a phosphatic hardpan
(Monk, 1965), and the retention of water caused by a relict hardpan
at 1.8 m. Plant diversity, once established, could contribute to a
more efficient tapping of resources and faster rates of organic matter
turnover.

These ideas, if confirmed by future studies, have important
ir.iplications for our initial objective of elucidating ' 3 7 Cs behavior in
this ecosystem. For example, it now appears that the cycles of
inorganic nutrients are relatively closed (Ewel, Gamble, and Lugo,
1975) and that the rates of organic-matter flows are relatively fast in
this ecosystem. As has been noted for tropical ecosystems (Stark,
1971), it is possfole, therefore, to have high rates of organic-matter
flow together with closed nutrient cycles.

To relate the behavior of an inorganic nutrient, such as cesium,
to ecosystem function, we must evaluate the successional status of
the ecosystem. A successional forest might accumulate ' 37Cs as part
of its normal growth process. A steady-state forest would not be
expected to accumulate a radionuclide, however, unless it were a
limiting factor.

At the time of this study, the stand was about 45 years old, and
some trees were still growing. A basal area increase of 0.5 m2 /ha over
a 3-year period was measured. Using a mean wood density of
0.7 g/cm3 and a mean crown height of 7.9 m, we found that this
increase in basal area is equivalent to a wood deposition rate of 0.7 g
m'2 day"1, which is offset by the high rate of wood fall (1.5 g m"2

day"1, Table 1). This high proportion of wood in litterfall is an
indication of age (Rodin and Bazilevich, 1967). This information,
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together with the lack of litter accumulation and the constancy of
leaf fall, suggests that the forest had attained a steady state.
Therefore, studies of organic-matter flows support our earlier
hypothesis that 137Cs accumulation in the mixed-hardwood forest
ecosystem in Florida is caused by intrinsic ecosystem processes.
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MINERAL CYCLING IN A YOUNG
DOUGLAS FIR FOREST STAND

H. RIEKERK
College of Forest Resources, University of Washington, Seattle, Washington

ABSTRACT

Radiotraccrs for phosphorus (32P), potassium (substitute S6Rb), and calcium
(45Ca) were used to follow the turnover of nutrients entering the forest floor
with rainwash. Phosphorus moved readily through the forest floor to be strongly
retained by the acid mineral soil. Considerable phosphorus absorbed by trees was
correlated with forest-floor leachate contents and became concentrated in
physiologically active tissues. Losses with litterfall and rainwash were nondetect-
able; this indicated high retention and internal redistribution. Rapid movement
toward sinks appeared to be characteristic. In contrast, the larger amounts of
calcium added were absorbed by the exchange capacity of the forest floor, with
subsequent small but relatively unrestricted movement through the soil and
trees. Both calcium and potassium absorption by trees was correlated with
mineral-soil leachate contents. Annual potassium mobility fell between that of
phosphorus and calcium and appeared to be more dependent on temperature
and moisture conditions of the forest ecosystem, with potassium moving rapidly
in subcycles during wet periods of the growing season.

Mineral cycling is an important aspect of forest productivity and of
nutrient conservation. The continual process of nutrient uptake and
return in a forest ecosystem maintains the availability of nutrients
for tree growth against processes of fixation or precipitation into
long-term sinks. Also the recycling of mineral elements normally
derived from weathering and atmospheric inputs diminishes output
losses by leaching and erosion pathways.

A number of mineral cycling studies have been conducted to
define the contents and transfer rates in undisturbed forest ecosys-
tems (Cole, Gessel, and Dice, 1967; Duvigneaud and Denaeyer-
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DeSmet, 1970; Harada et al., 1969; Ovington, 1959; Rodin an.!
Bazilevich, 1967). Some of these studies suggested the presence oi
subcycles in time and in space, which tend to be associated with
highly mobile elements such as potassium. These subcycles have been
investigated with l 3 7 Cs tracers in deciduous forests (Witherspoon.
1964; Witkamp and Frank, 1964) and with 3 2 P in mixed and pine
forests (Tamm, 1955; Arnold and Walker, 1961).

Additional inputs of nutrient elements by man (e.g., atmospheric
pollution, forest fertilizers, and sewage products) are becoming
significant in their effects on the functioning of forest ecosystems
(Bormann, Likens, and Eaton, 1969; Norris and Moore, 1971;
Sopper and Kardos, 1973).

Studies of Douglas fir forest fertilization in western Washington
have shown these ecosystems to be nutrient conserving (Cole and
Gessel, 1965). Little is known about the effects of additional inputs
on mineral cycling with respect to processes of nutrient storage
capacity, importance of alternative pathways, and cycling rate
differences.

The objective of this study is to explore the extent of
conservation of added nutrients by biological and mineral fixation
and subcycling rates and pathways in an undisturbed young Douglas
fir forest growing on glaciated soil in western Washington. This paper
reports the short-term fate of labeled phosphorus, potassium, and
calcium introduced into the existing cycle of native elements by
spraying on the forest floor and the amount of subcycling of these
labeled elements in time and space.

MATERIALS AND METHODS

The research area, located in the Fern Lake watershed, about SO
km southwest of Seattle, has been described previously (Donaldson,
Olson, and Short, 1971). The site is level to gently rolling, about 60
m above sea level, with soils derived from glacial moraine deposits.
The maritime climate has a mean annual temperature of 3.3°C and
130 cm precipitation, with a pronounced dry period during
summertime. Douglas fir [Pseudotsuga mensicsii (Mirb.) Franco] is
the dominant tree species, naturally established after logging and
slash burning. The dense forest stand (4500 trees/ha) of the study
site appeared to be breaking out of a condition of stagnation.
Dominant trees are 35 years of age, about IS m tall, and 15 to 23 cm
in diameter (site index IV). The ground cover consists of patches of
salal (Gaultheria shallon Pursh.) and about 30% moss cover [Eurhy-
chium oreganum (Sull. J. and S.)].
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The soil is an Alderwood (enticdurochrept) with indurated basal
1 till beginning ~1 m down. The forest floor is about 1 cm thick and is
i underlain by dark yellowish-brown gravelly loam surface soil with a
j bulk density of 0.7 g/cc. The subsoil below 20 cm depth has 32%
I gravel, 26% sand, 25% silt, and 17% clay. Total carbon in the surface
{ soil is ~6%, nitrogen is 0.14%, bicarbonate-extracted phosphorus is
j 12 ppm, exchangeable potassium is 88 ppm, and exchangeable
I calcium is 340 ppm. Cation exchange capacity is ~14 meq/100 g

oven-dry soil (Stephens, 1959).
Six 10-m2 treatment plots and a control plot for background

radiation correction were established, each containing a central
dominant tree. Two tension lysimeters (Cole, 1958) were installed
about 80 cm from the central tree under the undisturbed surface soil
at 20 cm depth, and one was installed at the same distance under the
forest floor to sample soil solutions. Three 100 by 10 cm2 radially
extended troughs sampled throughfall, and a beveled rubber band
sealed to the stem of the central tree collected stemflow. A steel
tower erected 1 m away facilitated periodic crown sampling.

j Radioisotope application areas above the tension lysimeters were
j precisely marked as sections of a 40-cm-wide concentric ban'l.

Water flow was monitored with recording coaxial siphon-tube flow-
meters and then passed through exchange resin columns when very
dilute. Some soil Ieachates were monitored in the field for 3 2 P and
8 6 Rb with a Geiger—Mueller flow-through cell, sealer, and recorder.
Isotope decay and radiation properties made it possible to reuse the

j plots for replication in time and space.
Retention of 3 2 P by trees was investigated in more detail by

instrumenting a dominant tree with litterfall, rainwash, and stemflow
1 collectors and a tree-encircling trough containing water. During the

late summer incisions were made underwater, and 2 mCi 3 2 P was
added to the trough. Litterfall, rainwash, and stemflow were
monitored for 3 2P during the fall months.

Discrimination between 8 6 Rb and 4 2 K by the forest soil was
i evaluated in a two-day field experiment using a forest-floor lysimeter
j and a surface-soil lysimeter. The surface was sprayed with a known
( mixture of these tracers and then irrigated at a rate of 0.5 cm/hr.
! Leachates were collected every 4 hr and immediately assayed for
\ 4 2 K (12.5-hr half-life) in the field laboratory.

The radiotracer and nutrient amounts applied in ionic form
during the spring and fail seasons are listed in Table 1. Second-year
tracer dosages were approximately 4 to 10 times larger to achieve a
better definition of tracer movement in the uptake and return
components of the mineral cycle. The solutions were carefully
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TABLE 1

AVERAGE AMOUNTS OP RADIOTRACERS AND STABLE
ELEMENTS ADDED TO THE FOREST FLOOR

Isotope
3 2 p

S6Rb

45Ca

Half-
life,
days

14.2

18.7

164

Radiation
energy,

1VleV

0 = 1.71

0 =
y.
0-

= 1.78
= 1.08

0.25

Study
year

1963
1964
1963
1964
1963
1964

Tracer
amount,

mCi

14
111

18
200

8
30

Nutrient
amount,

mg

0.2
1.3

15.3
43.8
37.1
84.8

Application
volume,

ml

200
400
200
400
200
400

Application
area,
dm2

56
116

56
116

56 )
116

sprayed on the application areas in a network pattern from wash
bottles connected to a small hand pump.

At the end of the field studies the L, F, and H layers of the forest
floor and 5-cm increments of the surface soil were sampled from
25-cm-diameter soil cores collected directly above each lysimeter to
assess the distributions of the last radiotracer applications. The trees
of the 10-m2 plots were harvested, including the root systems, down
to basal till, and all components were measured, weighed, and dried
to 10% moisture in a kiln. Then X-ray film was exposed for 14 to 30
days to cross sections of resin-impregnated soil cores, stem disks, and
foliage to obtain radioautographs of radiotracer distributions.

Subsamples of ground tree and forest-floor materials were dried
in the laboratory at 70°C, and soil materials were dried at 105°C. All
samples were then slowly ashed at 450°C. Hot HC1 soil extracts made
to ensure recovery of all newly added nutrients were designated
surface-soil-compartment nutrient contents. The HCl-extracted soil
phosphorus was separated out as ivlg • NH4 • PO4, and calcium was
separated as the oxalate to facilitate radiation counting. The
soil-solution samples were concentrated by evaporation. The ex-
change resins containing rainwash concentrate were eluted with three
bed volumes of 10% HNO3, and the effluent was dried to remove
excess HNO3.

Beta radiation of 3 2 P and 45Ca was assayed with a 4-cm,
end-window automatic Geiger—Mueller detector, and gamma radia-
tion of S 6Rb was assayed with a 4n scintillation detector connected
to a 256-channel pulse-height analyzer. The radiation counts were
corrected for any self-absorption effects and for decay losses. After
radioassay, all the samples were chemically analyzed using standard
procedures. A specially composited surface-soil sample was analyzed
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for total nutrient contents by fusion analysis with Na2 CO3 (Jackson,
1958).

The tracer content of the total ecosystem usually did not add up
to the total input because of a variety of measurement errors,
especially those of the soil axtraction procedures. The following
corrections and approximating calculations were made to convert the
raw data into a meaningful data set.

All tracer percentages were converted to labeled-nutrient frac-
tions with the use of the specific activity information of Table 1. The
nonlabeled-nutrient portion of the samples has been called the native
fraction. Using periodic tracer applications required a correction for
soil leachate contents to account for the diminishing supply of
tracers due to leaching and tree uptake losses. Also, an expansion
factor was calculated from semiannual native throughfall returns and
periodic labeled-nutrient inputs to obtain annual labeled-input
values. Throughfall and stemflow concentrations were corrected for
incoming rain concentrations. Stemflow return pe*1 unit area was
calculated from the central tree (liters per square meter of basal area)
and total tree basal area of the 10-m2 plot.

Underground loss rates from the stump plus the roots (tree base)
were calculated assuming the same proportiona'. loss rate of litterfall
plus rainwash (aerial return) from the stem plus crown portions of
the trees:

root return _ aerial return
tree base stem + crown

The annual uptake of native elements was calculated from the
average annual accumulation rate plus the measured annual loss. The
average annual accumulation rate is the nutrient content of the plot
trees divided by stand age, assuming a linear approximation of the
nutrient accumulation curves.

RESULTS

The use of radiotracers made it possible to check some sample
processing procedures. Ashing of foliage samples at 450°C resulted in
a 7% 3 2 P loss. Soil extraction of ' 3 4Cs (acontaminant of the 8 6 Rb
solutions) with hot IN HC1 revealed a 56% efficiency. The gravel
fraction (>2 mm) contained 7% of the 1 3 4Cs added. A check on
isotope discrimination by forest soil materials showed that initially
the 8 6 Rb-to-4 2 K ratio in forest-floor leachates was 75% of the added
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Fig. 2 Seasonal uptake of 8 6 R b (a) and 3 2 P (b) by 35-year-old
Douglas fir trees from seasonal tracer applications (arrows). Vertical
bars (I) represent the average error around the mean.
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TABLE 3

SOLUBILITIES OF NUTRIENTS IN MINERAL SOIL

Extractant

Total
Acid soluble
Exchangeable
Water soluble

Phosphorus

kg/ha

280
353

12
0.2

%of
total

100.0
126.1

4.3
0.1

Potassium

kg/ha

4480
245
80

2.9

%of
total

100.0
5.5
l.S
0.1

Calcium

kg/ha

15,800
2 232

311
15.6

%o{
total

100.0
14.1
2.0
0.1

exchangeable forms were calculated from Stephens (1959). The 26%
more phosphorus extracted by hot IN HC1 than by Na2CO3 fusion
(100%) falls within the error variance of soil nutr ts.

Limited resources restricted the study to ily two to four
replications per tracer in space and time. This respited in an average
30% coefficient of variation for native elements in forest-floor
materials and leachates, 50% in surface-soil materials and leachates,
17% in tree and litterfall tissues, and 28% in rainwash solutions. The
variability for labeled nutrients generally was two to three times
higher than that for native nutrients. Because of this and as a
rule of thumb, the data of Table 2 must show a two- to threefold
difference between means before they become significant at the 10%
level of confidence (Snedecor, 1956).

DISCUSSION

Forest Soil Nutrients

A detailed report on the behavior of phosphorus, potassium, and
calcium added to the forest soil surface was published earlier
(Riekerk, 1971). In brief, the abundance sequence of native nutrients
in forest-floor leachates was Ca > K > P, which is related to the
abundance sequence of these elements in decomposing forest-floor
materials (see Table 2). In contrast, the labeled nutrients of
forest-floor leachates show a reverse abundance sequence (P > K >
Ca); this suggests ionic exchange rather than biochemical fixation-
release interactions of these inputs with the forest floor. The labeled
phosphorus added in ionic form moved readily through the forest
floor, which contains little anion exchange capacity, but, in contrast,
the divalent labeled calcium was strongly absorbed by the cation
exchange complex of the humus.
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The abundance sequence of labeled nutrients in the surface soil
reflects that of incoming forest-floor leachates. The very low
quantities of labeled phosphorus and potassium released by the
surface soil are a result of strong retention processes in the soil.
Iron—aluminum phosphate precipitation in acid soil and potassium
fixation by vermiculite—chlorite clays are probably the dominant
mechanisms (Schlichte, 1968; Smith, 1965). Only the downward
movement of labeled calcium, albeit at a reduced rate, is relatively
less inhibited in mineral soil than that of phosphorus and potassium.
This is related to the large supply and dominant mobility of native
calcium in the forest soil (Skopp and Warrick, 1974).

The solubility data of native nutrients listed in Table 3 present
supporting evidence for the degrees of nutrient retention by mineral
soil. That all the phosphorus present can be extracted with acid
digest (126%) but only a small fraction (4.3%) is extractable with
sodium bicarbonate suggests a low degree of availability to tree roots.
In contrast, not much potassium dissolved into acid (5.5%), but
one-third of the acid-soluble fraction is extractable with ammonium
acetate. This indicates that potassium is considerably more readily ;
available to trees than is phosphorus. The calcium solubility
decreases in regular steps with extraction strength, leading to a
relatively low solubility in water. The overwhelmingly large amount
present in mineral soil, however, still makes it the dominant native
nutrient moving through the forest soil and available to trees.

Forest Tree Nutrients

The uptake, distribution, and loss of nutrient elements by the j
tree compartment of the forest ecosystem is summarized in Table 2. I
The amounts of native elements in trees are similar to those reported j
by others (Cole, Gessel, and Dice, 1967). The abundance sequence of •
native nutrients (Ca > K > P) reflects the long-term accumulation j
balance between uptake and loss which is governed mainly by a ;
similar nutrient availability sequence in the soil system. In contrast, i
the abundance sequence for labeled nutrients is reversed, with quite i
an emphasis on phosphorus (11% of 3 2 P added). This sequence ;
(P > K > Ca), which is similar to that of forest-floor leachates,
suggests that most of the labeled-nutrient uptake is associated with
the organic fraction of the forest soil, assuming that trees are not j
very selective in the nutrient-poor growing site. In addition, the very j
low availability of native phosphorus would place a premium on the :!

added ionic form. 5
Within-tree concentrations of nutrients tended to be high in !•

physiologically active tissues, such as foliage, fine roots, and bark. j
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Radioautographs of stem cross sections showed only 3 2 P to be
significantly present in sapwood; 8 6 Rb and 4 s Ca tended to remain in
the phloem. Radioautogiaphs also clearly show the 3 2 P inputs from
fetdfng roots in the lower tree stem but are more diffused higher on
the tree trunk, as discussed by other investigators (Vite and
Rudinsky, 1959).

The relative uptake patterns of 3 2 P and 8 6 Rb, shown in Fig. 2,
were obtained by periodic foliage sampling. Uptake of 3 2 P begins
within a week after spring application, and at a high rate, but then is
reduced about tenfold in the cool fall and winter seasons. Uptake of
8 6 Rb did not proceed until a month after the April application,
when sufficient rainfall occurred to wet the forest soil. No 8 6 Rb
could be detected in the upper crown foliage during the cold season,
but some was detected in rainwash collections; this suggests that it
was present in the tree bark and lower crown foliage. No 4 5Ca was
detected in young foliage during monitoring, but it was present in
old litterfall and in the foliage at harvest time; this suggests a very
slow upward migration and accumulation behavior.

The total measured annual return of native elements from trees
to soil is very similar, at least within the errors of measurement, to
the quantity released by the forest floor and to that taken up by
trees (see Table 2). This suggests an equilibrium in the overall rate of
nutrient cycling in this forest ecosystem, with the soil system
probably being the limiting factor. In striking contrast, the labeled
elements show quite different behavior in the return pathways, with
phosphorus completely absent. A special study using stem-injected
3 2 P confirmed the very strong retention of phosphorus by living
trees.

The rather short half-lives of 3 2 P and 8 6 Rb (Table 1) did not
allow as adequate a definition of the movement of these labeled
elements by way of litterfall as was possible with long-lived 4 s Ca.
The tracer data, however, seem to emphasize the differences in
return behavior of comparable native elements; phosphorus and
calcium move predominantly with litterfall, but potassium moves via
the rainwash pathway.

The relationships among the various compartments and pathways
of the mineral cycling model for this forest ecosystem study are
presented in Fig. 3. The transfer coefficient for nutrient mobility (k)
is defined as the ratio between annual nutrient output (Y) and
nutrient content of the associated compartment (X). In this way the
major variations in nutrient output due to variable nutrient supply
have been accounted for, and remaining variations are caused by
other factors, such as fixation or ionic charge.
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Y6 = k6(Xe + X7)

Y7 = k7(X5 + X6I

Y3 = k 3 [X , + X 2 |
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I
I

±

Y4 = k4(X3)
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I Y2 = k2 (X2 l

I
Fig. 3 Model of compartments (Xn) and pathways (Yn) of mineral
elements in a Douglas fir forest ecosystem. Xj = forest floor, X2 =
surface soil, X3 = tree base plus roots, X4 = wood, Xs = bark, X6 =
branches, and X7 = foliage. Y, = release from forest floor, Y2 =
release from surface soil, Y3 = uptake, Y4 = tree base return, Y5 =
litterfall, Y6 = crownwash, and Y7 = stemflow. Values of X and Y
are given in Table 2. Values of k (transfer coefficient for nutrient
mobility) are given in Table 4.

I l l

We can use parallel models for native and labeled nutrients to
compare the transfer coefficients for mobilities of the two fractions.
The values for the ratios of labeled to native mobilits? in Table 4
summarize the differences in behavior of added nutrients in
comparison with nutrients already in circulation. The additive error
propagation associated with the ratios of estimated mean values
requires for each ratio at least a six- to tenfold deviation from unity
to become significant at the 10% level of confidence.

From this comprehensive way of summarizing, it is apparent that
labeled phosphorus shows a significantly higher mobility than native
phosphorus in trees but is virtually immobile with respect to return
flows. In contrast, labeled potassium and calcium tend to be less



TABLE 4

ANNUAL TRANSFER COEFFICIENTS OF NUTRIENT ELEMENTS IN A
FOREST ECOSYSTEM*

Forest-floor
release, kj

Surface-soil
release, kj

Tree uptake,
k3

Tree base
return, k4

Litterfall,
ks

Crown wash,
K

Stemflow,
k7

Native elements
P

0.060

0.001

0.009

0.041

0.052

0.018

0.002

K

0.29

0.01

0.06

0.04

0.03

0.07

0.02

Ca

0.080

0.004

0.013

0.106

0.126

0.049

0.016

Labeled nutrients
P

0.281

2 X 10~4

0.12

0

0

0

0

K

0.100

2 X 10~4

0.001

0.005

0.001

0.004

0.009

Ca

0.0173

5 X 10~4

0.0001

0.0083

0.0331

0

0

Labeled-to-native ratio
P

4.68

0.33

13.96

0

0

0

0

K

0.34

0.02

0.01

0.12

0.02

0.06

0.51

Ca

0.26

0.13

0.01

0.08

0.26

0

0

z
m

o<
n
z
o

o
c

ooca

-n
O
73
m
en
- t

•Values are calculated from data in Table 2.
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mobile than native potassium and calcium throughout the
cycle.

It is clear from these observations that adding nutrients in
mineral form results initially in cycling behavior that differs from
that of the corresponding nutrients already in circulation. This may
partly explain long-term growth responses to short-term fertilizer
additions.

CONCLUSIONS

We can conclude that the movement of native elements is
directly related to the nutrient contents of the soil, forest-floor, and
tree compartments. In contrast, the short-term behavior of labeled
nutrients introduced in ionic form to simulate rainwash inputs is
better explained by interactions with the biochemical properties of
the subsystems.

Small amounts of labeled phosphorus moved readily through the
organic forest floor to be strongly retained in acidic mineral soil.
Labeled phosphorus uptake by trees was correlated with forest-floor
leachate contents, and, when absorbed, 3 2 P was strongly retained by
physiologically active tissues. Rapid movement toward definitive end
points in the forest ecosystem, such as mineral soil and live trees,
appeared to be a characteristic mobility pattern for phosphorus.

In contrast, larger amounts of labeled calcium were readily
absorbed by the exchange capacity of the forest-floor materials, with
subsequent small but steady movement through the soil and tree
systems. Labeled calcium and potassium uptake by trees was better
correlated with the contents of mineral soil leachates.

Mobility of potassium fell between that of calcium and phos-
phorus but appeared to be more dependent on the temperature and
moisture conditions of the forest ecosystem; potassium moved
rapidly in subcycles when weather conditions were warm and wet.

The addition of nutrients in mineral form to the forest soil
surface initially resulted in a cycling behavior that was significantly
different from that of the corresponding elements already in
circulation.
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NUTRIENT POOL CHANGES
IN POST-FIRE JACK PINE STANDS OF
NEW BRUNSWICK, CANADA

DAVID A. MacLEAN and ROSS W. WEIN
Department of Biology, University of New Brunswick,
Fredericton, New Brunswick, Canada

ABSTRACT

Twelve post-fire jack pine (Pinus banksiana Lamb.) stands of close proximity in
northeastern New Brunswick, Canada, were analyzed for N, P, K, Ca, and Mg
status. The element content of sample trees was determined, and regression
equations relating logarithms of element content with logarithms of diameter at
breast height were calculated. These were used in conjunction with individual
plot stand tables to determine kilograms of nutrient per hectare in the tree layer
for each stand. Total mineral elements in the understory and litter layers, and
total nitrogen, extractable phosphorus, and exchangeable potassium, calcium,
and magnesium in the organic, A, and B soil horizons were also determined. The
stands examined were found to have highly variable stocking rates, which tended
to mask relationships between stand age and nutrient accumulation of the tree
layer. Normal stocking produced readily discernible relationships, however.
Curves were presented relating each of the five nutrients in the three
aboveground layers and the three soil horizons to stand age. Relative importance
of the three aboveground layers varied with stand maturation and with the
nutrient in question. The tree and litter pools were the largest. The understory
layer formed a significant part of the aboveground nutrient pool, particularly in
young stands. Soil nutrient pools were found to be highly variable, generally
because of variation in depth and nutrient content of the organic layer. This is
postulated to be the result of differences in fire intensity.

Mineral cycling in forested ecosystems has been extensively studied
over the last decade. Studies have ranged in magnitude from major
watershed studies, such as the Hubbard Brook (Bormann and Likens,
1967; Bormann et al., 1974; Likens et al., 1967; 1970), and in
International Biological Program studies (Rosswall, 1972), to work
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on individual stands or processes. Reviews include Rodin ant'
Bazeiivich (1967) and Duvigneaud and DeNaeyer-DeSmet (1970).

The majority of mineral cycling studies stressed only one stand
or a pre- and post-disturbance situation. Accumulation of nutrients
as an ecosystem ages or regenerates afttr perturbation has received
little attention. This type of information is important, however, in
determining such factors as fertilization requirements (i.e., what,
when, and how much), effects of disturbance on the long-term
ecosystem nutrient budget, and nutrient depletion through logging.
The nutrient status of an age sequence of stands of one species has
been compared for only a small number of forest ecosystems. For
example, Switzer, Nelson, and Smith (1966) and Switzer and Nelson
(1972) studied loblolly pine (Pinus taeda L.); Van Cleve and Viereck
(1972) studied 5-, 15-, and 20-year-old alder ecosystems in Alaska;
and Morrison (1973) studied 20-, 30-, and 65-year-old jack pine
{Pinus banksiana Lamb.) in Ontario.

In this investigation, 12 post-fire jack pine stands in northeastern
New Brunswick, Canada, representing a 60-year age sequence, were
analyzed for N, P, K, Ca, and Mg. This paper describes the nutrient
distribution in the tree, understory, and litter aboveground pools a id
the organic, A, and B soil horizons in relation to stand age.

MATERIALS AND METHODS

The topography, climate, vegetation, and exact location of the
study area have been described previously (MacLean and Wein,
1976). General forest vegetation has been described by Loucks
(1959—1960) and Rowe (1972). The region has a history of many
forest fires, which have resulted in large pure stands of jack pine. It
was determined from the forest fire reports (available since 1930) of
the New Brunswick Forest Service that the 1200-km2 study area has
had a fire rotation period of ~60 years.

Initially, stand selection included examining aerial photographs
of the area for uniform stands. Stand selectiorvin the field was based
on the following criteria: the stand must be on <3% slope, with no
rock outcrops, an$ at leajst 50 m from streams and must have a
minimum size of 20 ha, maximum accepted microtopography
variance of 2 m, and no clear-cut areas. Twelve comparable jack pine
stands, representing'an age sequence to 60 years, were chosen. Soil
on the sampled stands was'well-drained, medium- to fine-textured
sandy loam or sandy loam over clay loam (unpublished soil data
from the Canadian Department of Agriculture, Fredericton, N.B.).
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Field sampling for each stand was carried out in July and August
1973 and August 1974. Trees were sampled in ten randomly located
25-m2 quadrats and were recorded by species and diameter at breast
height (dbh). (Breast height was taken to be 1.3 m.) Trees were
grouped into 3-cm dbh classes, and one or more trees of average vigor
from each class were destructively sampled. Biomass of the crown
(branches and needles) and stem was determined [see MacLean and
Wein (1976) for methods and results]. Understory vegetation was
sampled using 10 4-m2 quadrats for shrubs and 10 1-m2 quadrats for
herbs and litter. Subsamples from each of the aboveground layers
used for dry-weight determinations were used for nutrient analysis.
Ten soil pits were dug per stand, and bulk densities (duplicate
samples) and depths of the organic, A, and B horizons were
measured. Subsamples were then taken for nutrient analysis.

The 10 replications used in this study produced nutrient-level
standard errors below 10% for the aboveground layers and somewhat
higher for the soil horizons.

Aboveground layer samples were broken up in a commercial
blender and then ground in a mill to 1.0-mm size. Roots were
removed, and soil samples were air-dried, seived to 2-mm size for
available phosphorus and exchangeable potassium, calcium, and
magnesium analysis, and then seived to 0.5-mm size for total
nitrogen analysis. All samples were stored in airtight plastic vials
before analysis.

Total nitrogen (organic N + NH4 ) for both plant and soil samples
was analyzed by the Kjeldahl method (McKenzie and Wallace,
1954). Analysis of phosphorus and cations in plant material
involved dry-ashing at 550°C. Phosphorus was determined
colorimetrically by the vanadate method (Jackson, 1958), and
potassium, calcium, and magnesium were analyzed on an atomic
absorption spectrophotometer. Since Yuksel (1972) found that
phosphorus uptake by tree seedlings in New Brunswick was most
closely correlated with phosphorus extractt.l by dilute H2SO4

(Truog test), samples were extracted with 0.002AT H2SO4 and
determined by the molybdophosphoric blue method (Jackson,
1958). Exchangeable potassium, calcium, and magnesium were
extracted with L/V NH4OAc (Heald, 1965; Pratt, 1965) and analyzed
by atomic absorption.

Nutrient concentration values for each tree were used in
conjunction with biomass regression equations (MacLean and Wein,
1976) to determine the total aboveground amount of each nutrient
ir each sampled tree. The sampled trees were used to plot amount of
nutrient per tree vs. dbh for each of the elements examined. The data
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showed logarithmic relationships when plotted arithmetically, and
logarithmic regression equations incorporating a correction for
skewness as described by Baskerville (1972) were calculated for each
N, P, K, Ca, and Mg. The regressions were used to determine total
amount of the five nutrients in the tree layer of each stand.

The procedure for the shrub, herb, and litter layers was similar.
Percentage of nutrient concentration was determined, and this was
multiplied by the biomass of the layer to determine the amount of
nutrient (kilogram per hectare) in the stand.

The soil nutrient content was examined by horizon. Nutrient
content of the organic, A, and B horizons was determined as follows:
Total nutrient per horizon (kg/ha) = horizon depth (cm) x bulk
density (g/cm3) x nutrient content (%) x 1000.

RESULTS AND DISCUSSION j
i

Mean nutrient data of the sample trees were averaged by j
5-cm-dbh classes (Table 1). In general, the stem samples showed j
decreasing percentages of nutrients with increasing dbh class; this is i
likely a result of the higher proportion of wood fibers in relation to :
the more nutrient-rich bark in larger trees. There were no clear trends J
in nutrient composition of the crown samples over the range of dbh .;
classes. A relatively large variation was found in nutrient content for ':\
both stems and crowns. This may be attributed to the small sample \
size for some dbh classes and to the use of only one composite ;|
sample per tree for each of stem and crown. The fact that the values j
were generally less than those found by Morrison (1972), who :|
examined nutrient variation with crown position and leaf age in jack .'•!
pine in Ontario, can be explained by the differing methods used
(Morrison examined only foliage). i

Table 2 presents logarithmic regression equations relating the five |
nutrients to dbh. Regression constants are similar to those found by
Morrison (1973). Hegyi (1972), MacLean and Wein (1976), and jj
Morrison (1973) found tha t a large a m o u n t of t he variation in j
biomass distr ibut ion in jack pine s tands is explained by differences in •)
stand densi ty . In these studies, s tand biomass was adjusted to normal J
s tocking by mult iplying by the stocking rat io , which is the basal area ij
of a normal s tand (Plonski, 1956) divided by the actual basal area |
found on the sample plots. Table 3 presents the s tocking rat io and j
the actual and adjusted amounts of nutrients in the tree layer. It was i
not possible to calculate adjusted nutrients for the two youngest j
stands (aged 13 and 16 years) because Plonski's normal yield tables ']
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TABLE 1

NUTRIENT CONTENTS OF ABOVEGROUND PORTIONS OF JACK PINE TREES
IN NORTHEASTERN NEW BRUNSWICK

Total nutrient content,* %
Size Number Mean Mean
class of age, height,

dbh, c.n samples years m Crown

Nitrogen Phosphorus Potassium Calcium

Stem Crown Stem Crown Stem Crown

Magnesium

Stem Crown Stem

m

s
O
n
I
>
2a
m
CO

s
Co

0-5 17
5-10 12

10—15 11
15-20 2

17
32
35
45

3.3 0.694a
7.9 0.628a

10.0 0.756a
12.7 0.818a

0.125a
0.075a
0.080a
0.062a

0.078a
0.075a
0.094a
0.095a

0.022a
0.012ab
0.012ab
0.008b

0.285a
0.283a
0.363a
0.390a

0.088a
0.040a
0.054a
0.050a

0.208a
0.168a
0.167a
0.140a

0.126a
0.083ab
0.067ab
0.030b

0.052a 0.026a
0.051a 0.022a
0.056a 0.017a
0.048a 0.017a

*One-way analysis of variance indicated significant differences among means for percent nitrogen of stem, percent
phosphorus of crown and stem, and percent calcium of stem. Means of values followed by different letters differ significantly by
Tukey's w-procedure. z

m
>

o
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TABLE 2

REGRESSION CONSTANTS RELATING ABOVEGROUND
NUTRIENT CONTENT OF JACK PINE TO TREE DBH*

Total
nutrient

Nitrogen
Phosphorus
Potassium
Calcium
Magnesium

*From log Y = a + b

Regression constants

a

-3.0361
-3.9351
-3.3955
-3.3580
-3.9904

log X. N = 42.

TABLE

b

1.7059
1.7170
1.7480
1.6493
1.7295

r2

0.970
0.973
0.927
0.931
0.968

Sample variance = 0.133.

3

TOTAL ABOVEGROUND TREE NUTRIENTS (ACTUAL AND
ADJUSTED TO NORMAL STOCKING) FOR 12 JACK PINE

STANDS IN NORTHEASTERN NEW BRUNSWICK

Stand
age,
years

13
16
29
29
31
37
37
38
40
44
49
57

Stocking
ratio*

1.190
0.651
1.303
0.922
0.704
1.652
0.716
0.712
1.184
0.889

Actual nutrients, kg/ha

N

3
5

107
205

92
149
208
100
237
201
145
175

P

0
1

13
27
12
19
27
13
31
26
19
23

K

1
2

50
98
45
72

100
50

113
97
70
85

Ca

2
2

44
87
38
62
87
47

102
85
63
72

Mg

0
1

12
24
11
18
24
11
27
23
17
21

Adjusted

N

127
133
120
137
146
165
170
143
172
156

P

15
18
16
17
19
21
22
18
22
20

nutrients,t

K

59
64
59
66
70
83
81
69
83
76

Ca

52
57
49
57
61
78
73
60
75
64

kg/ha

Mg

14
16
14
17
17
18
19
16
20
19

* Ratio of normal to actual basal area.
tAdjusted to normal stocking; i.e., actual nutrients X stocking ratio.

begin at a stand age of 20 years. The amount of nutrients in the tree
layer of these stands is very low, however, and changes probably
would have been slight. The adjusted values (Table 3) show less
scatter for all five mineral elements than do the actual values.

Originally the understory plants were divided into tsfo layers,
shrub and herb. When the nutrient data were calculated emd plotted,
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however, the two layers were found to be virtually identical in their
pattern of nutrient accumulation, with the herb layer showing a
slightly higher nutrient content. Therefore, the herb and shrub layers
were summed and plotted as a total understory layer. This served to
emphasize their importance as a stand nutrient pool and simplified
the figures that follow. We should remember that all nutrients in the
tree layer were adjusted to normal stocking.

Nitrogen

Nitrogen in aboveground layers and soil horizons is plotted vs.
stand age in Fig. 1. Total soil nitrogen forms the majority of the
stand pool, but it is composed mainly of organic forms that are not
readily available to plants. On the two most recently burned stands
(aged 13 and 16 years), the relative importance of the nitrogen pools
was litter > understory > tree. A much higher amount of
nitrogen was found in the understory layer than in the tree layer in
these stands. The total vegetation nitrogen was only about 40 to 50
kg/ha, whereas the litter stratum contained 120 to 180 kg N/ha. In
comparison, older stands had the greatest proportion of nitrogen in
the tree layer. A sharp increase occurred 20 to 30 years after fire,
with more gradual increases after 30 years, and nitrogen appeared to
be stabilizing in the 40- to 60-year range. Morrison (1973) found that
20-year-old jack pine had 15 to 40 kg N/ha in the tree layer, but
when he adjusted to normal stocking, values increased to 110 to 150
kg N/ha. These values are much higher than ours. His values for a
30-year-old stand were 113 to 195 kg N/ha (not adjusted) and 144 to
170 kg N/ha (adjusted), whereas our stands were 86 to 200 and 120
to 140 kg N/ha, respectively. Similarly, the 50- to 60-year-old stands
in our study contained about 20 kg/ha less nitrogen in the tree layer
than did 65-year-old stands in Ontario. The lower nitrogen values in
our study are probably connected with site class differences.
Morrison'., stands were all of site classes 1 and 2, and all the jack pine
stands in our study were site class 3, which is a lower nutrient regime.

The understory nitrogen data of Fig. 1 demonstrate a peak about
10 to 15 years after fire, and, as crown coverage of the tree layer
increased (in the 20- to 30-year period), understory nitrogen
decreased and then stabilized. A further increase appeared around 45
to 50 years after burning, but more stands in this age range would
have to be sampled to demonstrate this increase with validity. The
understory layer formed 22 to 23% of the total aboveground
nitrogen in 13- to 16-year-old stands and 4 to 15% in the older stands.
This represents a relatively large amount of competition with the tree
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layer for available soil nitrogen, particularly in younger stands.
Species composition of the understory was generally the same over
the age sequence. Shrub vegetation was predominantly
Rhododendron canadense and Kalmia angustifolium, with some
occasional Comptonia peregrina. The herb layer consisted mainly of
Vaccinium and Kalmia shrubs and such herbaceous species as
Gaultheria procumbens, Cornus canadensis, Trientalis borealis,
Maianthemum canadense, and Epigaea repens.

The litter layer showed more variability in nitrogen content than
the vegetation layers. Nitrogen was highest on the most recently
burned stands (180 kg N/ha on the 13-year stand), gradually
decreased, and then leveled off at about 80 to 100 kg N/ha or
increased slightly in the 40- to 60-year range. Since litter in this study
consisted of dead material on the ground (excluding standing dead),
variability in nitrogen content could be caused by differences in fire
intensity and pre-fire tree size. A low-intensity fire usually kills but
does not consume the trees. Decomposition processes and wind
gradually fell these dead trees, adding them to the litter layer. In
high-intensity fires much of the vegetation is consumed and the
nitrogen liberated. The two youngest jack pine stands showed litter
nitrogen values in the range of 120 to 180 kg/ha; this compares
favorably with the amount of nitrogen in the tree layer of a 30- to
60-year-old stand. Apparently most of the tree nitrogen was
transferred to the litter layer after the fire.

The total soil nitrogen data were found to be quite variable
(Fig. 1). Total soil nitrogen was highest in the two youngest stands,
with the exception of a 50-year-old stand that had a deep organic-
layer with high nitrogen content. The two oldest stands also showed
increased soil nitrogen over the middle-aged ones. Nutrient content
of the organic layer (250 to 1400 kg/ha) contributed a large amount
of the variability. This is probably because of the variability in fire
intensity and the amount of organic matter oxidized among stands.
If only the nitrogen in the A and B soil horizons is considered,
variability is reduced appreciably.

Switzer, Nelson, and Smith (1966), examining nitrogen
accumulation in the tree portion of loblolly pine stands, found the
same S-shaped curve as in our study. Actual amounts of nitrogen in
the tree layer were substantially higher; they reported about 200 to
250 kg/ha instead of the 160 to 180 kg/ha we found for jack pine of
the same age. S&yitzer and Nelson (1972) found herb and litter curves
that differ &$$ those of Fig. 1 because of differences in stand
development. JMtrogen in the tree layer accumulated much faster in
the loblolly p & stands; by age 20, the loblolly tree layer already
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held 174 kg/ha, whereas jack pine stands showed only 160 to 170
kg/ha at 50 to 60 years of age.

Phosphorus

As with nitrogen, phosphorus in litter was greater than that in
the understory, which was greater than that in tree layer for the most
recently burned stands (Fig. 2). In the older stands, however,
phosphorus in the tree layer is greater than that in litter, which is
greater than that in the understory. The curves obtained were very
similar for nitrogen and phosphorus, but nitrogen in the tree layer of
the 30- to 60-year stands was about 120 to 170 kg/ha, whereas
phosphorus was only 15 to 25 kg/ha. Phosphorus values adjusted to
normal stocking for three ages of jack pine stands in Ontario were:
20 years, 10 to 13 kg/ha; 30 years, 12 to 14 kg/ha; and 65 years, 13
to 14 kg/ha (Morrison, 1973). Corresponding values from our study
were higher and would be approximately 5, 15 to 18, and 20 to 22
kg/ha, respectively. The phosphorus litter curve was very variable but
showed more stabilization after an age of 30 years than did nitrogen.
The phosphorus understory layer curve had the same pattern as that
for nitrogen but formed an even larger percentage of the total
aboveground phosphorrs pool (31 to 34% in the youngest stands and
5 to 12% in the remainder).

The soil available phosphorus data of Fig. 2 show a large amount
of variation; the general trend is toward increasing phosphorus in the
middle-aged to older stands. Available soil phosphorus includes
solution-phase phosphorus, which is mainly calcium phosphates;
absorbed phosphorus on clay minerals; and A1(OH)2 H2 PO4. Because
of high phosphorus concentrations and a relatively thick horizon, the
largest amount of available phosphorus in most stands was in the B
soil horizon. The organic layer had the greatest concentration of
phosphorus, followed by the B and then the A horizons.

In comparison with data by Switzer and Nelson (1972) on
loblolly pine stands, phosphorus, like nitrogen, showed much faster
accumulation in their stands. There was approximately as much
phosphorus in the loblolly tree layer at age 20 as in the jack pine tree
layer at age 60 (20 kg/ha). The amount of phosphorus in the two
ecosytems was of the same magnitude.

Potassium

The potassium data are presented in Fig. 2. Unlike nitrogen and
phosphorus, potassium in litter appears to be of much smaller
magnitude in relation to the total system. In the two youngest
stands, the relative importance of the potassium pools was under-
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story > litter > tree, whereas in the older stands it was tree > under-
story > litter. The curve for potassium in the tree layer, like that for
nitrogen and phosphorus, stabilized at about 70 to 80 kg K/ha.
Comparing the potassium data for the tree layer with that of
Morrison (1973) showed his adjusted potassium values for stands in
Ontario to be somewhat higher. The litter curve for potassium was
less variable than curves for nitrogen and phosphorus, with the
exception of the substantially different value for a 44-year-old stand.
The pattern of litter potassium showed a slight decrease up to an age
of 35 to 40 years and then an increase up to 60 years. Foster (1974)
found that tree litterfall contributed 4.88 kg K/ha to the forest floor
each year in a 30-year-old jack pine stand. This was only 26% of
tne total addition; throughfall was the main contributor, at 10.00 kg
K/ha. Potassium occurs in inorganic form in plants and is readily
water extractable (Foster, 1974). Therefore, the low potassium values
in litter are probably a result of low input in litterfall combined with
a faster rate of leaching from the litter in comparison with other
elements. The understory curve for potassium was similar to curves
for nitrogen and phosphorus up to an age of 40 to 45 years. In the
45- to 60-year range, the understory layer showed a distinct
increase, to a high of over 40 kg K/ha. This was the one case in this
study where shrub and herb layers behaved differently, the increased
potassium values being due entirely to increased potassium in the
shrub layer. Understory potassium is a very important part of the
aboveground pool in jack pine stands, forming 68 and 65% of the
pool in the 13- and 16-year-old stands, respectively. This value
decreased to 9 to 16% in the 30- to 45-year range but increased to 18
and 31% in the 49- and 57-year-old stands, respectively.

The data for soil exchangeable potassium (B'ig. 2) were extremely
variable and showed no trends. As was found for the boil total
nitrogen, the greatest variability was contributed by the organic
layer. The "ange of exchangeable potassium in the organic layer was
7 to 200 kg/ha; that in the A and B horizons was much more
constant.

Loblolly pine stands showed a faster accumulation over the first
20 years (Switzer and Nekvn, 1972) than did the jack pJne stands.
At age 20 the loblolly tree layer contained 99 kg K/ha, v.'.iereas the
60-year-old jack pine stand contained only 80 kg K/ha. Amounts of
potassium in the forest floor were similar in the two ecosystems.

Calcium and Magnesium

Patterns of calcium and magnesium accumulations are presented
in Fig. 3. The curves exhibited by tree and understory calcium and
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magnesium were very similar to those for nitrogen, and ti
importance of the understory pools relative to the total abovegrou •:
pool was similar to nitrogen. Calcium values were about four times
great as magnesium values. Litter calcium was variable, ranging fr<
20 to 40 kg/ha over the age sequence, whereas litter magnesium
generally showed lower overall values but slightly elevated valu<
around 15 and 50 years. Exchangeable soil calcium and magnesium:
were widely variable, and the variability was largely in the organ;:
layer. Comparing our data with those of Morrison (1973) am!
Switzer and Nelson (1972), we see relationships similar to those
mentioned for the other nutrients.

1 i

CONCLUSIONS

The highly variable stocking rates tended to mask relationships
between stand age and nutrient accumulation in the tree layer, but (

adjustment to normal stocking produced readily discernible
relationships. Nitrogen, phosphorus, calcium, and magnesium showed
the same relative pool sizes (litter > understory > tree in the younger
stands, tree > litter > understory in the older stands). For the
aboveground potassium pool, however, the order was under-
story > litter > tree for younger stands and tree > under- '
story > litter for older stands. The lesser importance of the litter
layer in the potassium cycle is thought to be caused by the fact that i
plant potassium is held in an inorganic form that is readily water |
extractable. As ? result, there is a faster rate of leaching of potassium 1
than of other elements from the litter. The tree-layer nutrient ;
accumulation was similar for the five elements examined, with a |
sharp increase in the 20- to 30-year period and stabilization in the j
40- to 60-year range. The understory nutrient pool showed a distinct !
peak in the 10- to 15-year range, followed by a decrease and '•• j
stabilization after 2C to 25 years. Understory nutrients also seemed : f
to have a tendency to increase after 45 years, with the potassium
pool showing a particularly sharp increase. The understory layer
formed a significant fraction of the aboveground nutrient pool in .'•'']
these jack pine stands. For stands approximately 15 years old, i
understory contribution was 25% for nitrogen and calcium, 30% for I
phosphorus, 40% for magnesium, and over 65% for potassium. Older '.: *\
jack pine stands had more of the aboveground nutrient pool in the ; "(
tree layer, but the understory layer still contributed 5 to 15% of the j
pool. One 57-year-old stand had 31% of the total aboveground : i
potassium in the understory layer. I

n
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The soil nutrient pools examined were found to be highly
variable, largely because of variation in depth and nutrient content of
the organic soil layer. Since all these stands are of fire origin, it is
postulated that variation in fire intensity resulted in oxidation of the
organic layer to different degrees. Fire-intensity variation arid its
effect on nutrient cycling deserve further study.
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EFFECT OF PRUDHOE CRUDE OIL ON CARBON
ASSIMILATION BY PLANKTONIC ALGAE
IN AN ARCTIC POND

MICHAEL C. MILLER, GARY R. HATER, and i. ROBIE VESTAL
Department of Biological Sciences, University of Cincinnati,
Cincinnati, Ohio

ABSTRACT

During the summer of 1975, 240 ml/m2 of Prudhoe Bay, Alaska, crude oil was
spilled on an experimental coastal pond similar to the ponds around Prud-
hoe Bay. Differences in algal production, biomass, and species composition were
compared with an adjacent control pond. Planktonic primary productivity was
inhibited initially but recovered slowly. Aigal density did not deviate in the two
ponds, but biomass and species composition were changed by the elimination of
the cryptophyte Rhodomonas minuta. The change in composition and biomass
was also related to weathering and degradation of the oil. The effects on
phytoplankton in these ponds were not significantly different from those
observed in 1970 after a controlled spill at 45 times the 1975 dose.

The development of oil reserves on the North Slope of Alaska has
increased the probability of crude-oil leakage to a near certainty
during the projected 20 years of production. On the coastal plain of
the North Slope, 30 to 50% of the land area is covered by water
isolated in small polygonal thaw ponds (< 100 m on a side) and in
shallow (<3m deep) elongated lakes with a northeast—southwest
orientation. The discovery of oil at Prudhoe Bay, the exploration of
Naval Petroleum Reserve No. 4 to the west, the transportation of oil
to central collecting sites, and the pumping of oil to southern ports
will undoubtedly lead to instances of oil loss over land and waters of
one of the most sensitive ecosystems in the world. Our basic
knowledge of the effects of Prudhoe-type crude oil on whole aquatic
ecosystems and of the recovery of impacted ecosystems is very
limited.

833
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Most of the data available from experiments in the arctic attemp:
to evaluate the effects of crude-oil leakage on marine systems, e.g., in
Cook Inlet or the Gulf of Alaska (Kinney, Button, and Schell, 1969:
Robertson et al., 1973; Button et al., 1973; Moore etah, 1974).
Only a few studies have examined effects in freshwater (Arhelger and
Button, 1972; Barsdate, Alexander, and Benoit, 1973; Atlas, 1973;
Hobbie, 1977). Much of the work documenting the effects of oil on
arctic lakes was completed by the Fisheries Research Board of
Canada and otaers (Dickman, 1971; Brunskill et al., 1973; Snow and
Scott, 1975; Snow and Rosenberg, 1975a; 1975b; Roeder et al.,
1975; Snow and Brunskill, 1975). Some similarities exist between
the effects of Pembina and Norman Wells crude oils from the
MacKenzie Delta and Prudhoe crude oil, but significani differences
also exist, as we shall point out.

An experimental crude-oil spill on North Slope waters has been
followed at several trophic levels for several years by the U. S.
International Biological Program's Tundra Biome aquatic program
(Hobbie, 1977). An experimental spill in 1970 on a typical thaw
pond, Pond E, near Barrow, Alaska, was dosed at the rate of
10 liters/m2. A comparative oil spill designed to evaluate the effects
and recovery from a much smaller dose rate (0.24 liter/m2), effected
on July 10,1975, is the subject of this paper.

This report summarizes the effects of Prudhoe Bay crude oil on
photosynthetic carbon fixation by phytoplanktor and on algal
density, biomass, and species composition on a typical polygonal
pond similar to the ponds at Prudhoe but located for convenience
near Harrow (71° north latitude), where laboratory facilities were
available. The data show relationships among the loss of and changes
in oil composition, its toxic effects, and changes in carbon cycling in
a typical tundra thaw pond.

MATERIALS AND METHODS

Crude Oil

The Prudhoe Bay crude oil used in this study was provided by
the Atlantic Richfield Oil Company.

Effect of Temperature on Crude Oil

Measured amounts of crude oil were placed in tared scintillation
vials. One set of three vials was placed at 25°C in flowing air, and the
other set of three vials was placed at 5°C. Neither set was in direct
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sunlight. At periodic intervals the vials were weighed to determine
loss of oil.

Effect of Solar Radiation on Crude Oil

Measured amounts of crude oil were placed in sets of tared
plastic petri dishes (100 by 20 mm). Three petri dishes were opened
and exposed to the elements (light—open), two were closed
(light—closed), and two were covered, top and bottom, with black
opaque plastic tape to prevent light from reaching the oil sample
(dark—closed). Gravimetric measurements of the remaining oil were
made periodically. At the end of the experiment, the oil was
extracted and its class composition determined as described.

Controlled Spill of Crude Oil on a Tundra Pond

Biotic and abiotic induced changes in crude-oil composition were
studied after the oil was spilled on a tundra pond (Pond Omega).
Plexiglass cores (50 cm long and 7.5 cm I.D.) were placed vertically
through the water column and into the bottom mud. Each core was
inoculated with a measured amount (0.908 g) of Prudhoe crude oil.
This amount (in grams per square meter) was about the same as that
spilled on the whole pond (described later). An abiotic control
experiment was conducted in a plastic tub containing pond water
and HgCl2 (5 g/liter) and incubated in the pond. A set of cores, each
inoculated with oil, was placed into the tub. At periodic intervals
cores from the pond and the tub were removed, and the oil was
extracted by placing a rubber stopper in the top of the core and
lifting it carefully until a second stopper could be placed in the
bottom. This allowed the water column and bottom mud to be
sampled intact. The core was moved to the laboratory, where the oil
and water column were aspirated directly into a separatory funnel.
The oil adhering to the sides of the core was washed with Freon 113
into the separatory funnel, shaken, and the oil extracted into the
Freon phase. The water was reextracted twice with 50-ml portions of
Freon. The combined extracts were evaporated overnight at 25°C in
flowing air. The quantities of total oil extracted were measured
gravimetrically. The oil was then chromatographed for class composi-
tion.

Determining Class Composition of Crude Oil

Samples for class composition were separated by solid—liquid
chromatography (Jobson, Cook, and Westlake, 1972). The fractions
separated were benzene-soluble asphaltenes (BSA); benzene-insoluble
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asphaltenes (BIA); saturate fractions (SF); aromatic fractions (AF),
and the nitrogen-, sulfur-, or oxygen-containing fractions (NSO).

Gas-Liquid Chromatography of Saturate Fractions

The saturate portions were further analyzed by gas—liquid
chromatography, with a gas—liquid chromatograph equipped with a
flame ionization detector. The 2-m-long, 2-mm-I.D. stainless-steel
columns were packed with 1% SE-30 on 80/100 Gas-Chrom Q
(Applied Sciences, State College, Pa.). After sample injection (1 ,ul),
the column was heated at 60°C for 3 min; then the temperature was
increased linearly at 5°C/min to 250cC and held for 5 min. The
injection port and manifold temperatures were 260°C and the helium
carrier-gas flow was 35 ml/min. Peaks were identified by their elution ]
temperature maximums and by comparing retention times of an j
n-alkane (C7 to Cx 9 ) control mixture. I

Uncontrolled Oil Spill on a Tundra Pond •

On July 10, 1975, Prudhoe Bay crude oil was spilled on a small \
(260-m2) tundra pond, Pond Omega, at a dose of about. 240 ml/in2. i
Various samples were taken to follow the effects of the oil on the i
production of the pond. Samples were also collected from a nearby j
pond (Pond E) which had oil spilled <:z. '•-, in 1970 at about 45 times j
the 1975 dose. The remaining thick car was also sampled for class j
composition. j

Physical and chemical factors monitored at least weekly and at j
all sampling dates were: (1) temperature, with a mercury thermome- j
ter; (2) pH, determined electrometrically; (3) alkalinity, by titration j
(American Public Health Association, 1971); (4) O2 concentration, j
with an O2 meter; (5) wind speed, recorded at 30 cm above the j
water surface as run-meters per day; and (6) solar radiation, j
monitored continuously by a recording solarimeter. i

Phytoplankton biomass and density were measured by settling
30-ml volumes of whole pond water killed with Lugol's iodine
(Edmondson, 1959) in Utermohl chambers (Utermohl, 1958). j
Twenty to thirty fields were counted under phase contrast with an ;
inverted microscope. Cell volumes were calculated from external
dimensions and approximate geometric shape. Biomass of carbon was
approximated as 0.05 times cell wet wright (specific gravity = 1). ,

Primary production was determined by measuring the incorpora-
tion of ' 4CO2 (Vollenweider, 1969) with 4- to 6-hr in situ
incubations during the middle of the solar day. The ! 2 C available |
was calculated from the pH—temperature and total alkalinity data
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using the dissociation formulas of Vollenweider (1969). Exactly
25ml of HI4CO3-labeled seston was drawn through a 25-mm
Type HA Millipore filter (0.45-<um pore size). The filter was emersed
immediately into Bray's solution in 5-ml minivials, counted by liquid
scintillation spectroscopy, and corrected for quenching by the
channels ratio method.

RESULTS

Effect of Temperature on Crude Oil

The negative exponential loss of Prudhoe Bay crude oil was k =
-0.0049/hr at 25°C and k = -0.0041/hr at 5°C. Thus the
temperature related differences in weathering were small.

Effect of Solar Radiation on Crude Oil

The effects of sunlight on the total weight of oil after 36 days
were significant. The closed dishes showed about the same loss,
(18.1% for dark and 18.9% for light). The open dish lost significantly
more total oil after 36 days (23.6%) [analysis of variance (ANOVA),
P < 0.01]. Since analysis of the class composition of the oil showed
no differential loss of a particular fraction (Fig. 1), the total losses
must have come almost equally from each fraction.

Controlled Oi! Spill on a Tundra Pond

When measured amounts of crude oil were spilled in core tubes
implanted in Pond Omega, the untreated cores lost weight of oil at
an exponential rate (k = —0.0308/day). By the end of the experi-
ment, a mercury-treated core tube (abiotic control) had lost 69% of
its oil in 45 days, whereas untreated cores lost 75% in the same time.
This indicated that about 6% of the oil loss was caused not by
weathering but by biological factors and/or incomplete extraction of
the aged oil with Freon.

Cl ass-composition analysis of the oil components from cores over
the first 13 days is presented in Fig. 2. Within the first day after the
spill, the aromatic fractions (AF) decreased by about 8%; this
resulted in a concomitant increase in the saturate fractions (SF). At
the fourth day, however, the levels of these two components had
returned to their original percentage levels and remained there for
the next 9 days. A general trend showing a loss of AF can be seen,
however. These data also corroborate the solar radiation experiments
in that the class composition remained relatively unchanged (Figs. 1
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LIGHT-
CLOSED

LIGHT-
OPEN

Fig. 1 Class composition of Prudhoe Bay crude oil, initially and
after various exposure regimes for 36 days (± standard deviation), A,
SF. D, AF. o, NSO. A, BSA. • , BIA.

and 2). For comparison, the class composition of the oil remaining
from the 1970 oil spill on Pond E showed that, even though a great
loss of total weight of oil could be expected in the 5 years of
exposure, the class-composition changes did not vary greatly (Fig. 2).

Gas Chromatographic Results of the Saturate Fractions

Gas—liquid chromatography data show that only the n-alkanes
less than Ci 3 disappeared (Fig. 3). The envelope region of the day-13
chromatogram is much higher than the day-0 control; this indicates
total evaporative losses of SF and verifies the previous experiments.
Chromatograms of SF from oil isolated from abiotic controls were
similar to those of the day-0 sample.
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0 1
DAYS YEARS

Fig. 2 Class-composition changes of Prudhoe Bay crude oil de-
graded in core tubes placed in Pond Omega for 13 days compared
with oil from Pond E, degraded for 5 years. A, SF. D, AF. O, NSO. A,
BSA. • , BIA.

Phytoplankton Production

The normal seasonal cycle of primary production in control
Pond C began with low rates (dark-bottle fixation equal to light-
bottle fixation) in the post-thaw period in mid-June [Fig. 4(b)]. The
rate increased to a maximum in early July, declined in late July
through mid-August, and again increased after the first freezes had
caused death of vegetation and leaching of nutrients from emergent
sedges (Hobbie et al., 1972; Hobbie, 1977). The average annual
primary production rate in Pond C, a pond about 20 cm deep, was
2.34 £ig C liter"1 hr~' in 1975. If daily production was 10 times the
daily average over the midday period, then production over the
75-day summer from mid-June to early September would be about
350 mg C m"2 year"1. These ponds are among the least productive in
the world. This is caused by a short growing season and a chronic
shortage of phosphorus, despite 24 hr of daylight until early August
(Hobbie, 1973; 1977; Hobbie et al., 1972).
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Fig. 4 (a) Ratios of production in Pond C (control) and
Pond Omega (oil spill) during the ice-free season in 1975. (b)
Primary production of phytoplankton in Pond C (o—o) and
Pond Omega (o D). The oil spill occurred July 10, 1975.

Algal biomass ranged from 50 to 400 mg dry wt/m3 [Figs. 5(a)
and 6(a)]. The seasonal maximums occurred in late June and
mid-August, the first caused primarily by soil algae washed into the
ponds by overland flow in the spring thaw. After late June, when
the overland flow had ceased, the algae were dominated by the
Cryptophyta, especially Rhodomonas minuta (Fig. 5b). The Chryso-
phyta, Chr-jmulina sp., and Chrysococcus sp., and a Cyanophyta,
Lyngbya sp., became dominant in late August. In Pond C from 8 to
26 genera of algae (average, 17 genera) were found in each sample
counted (minimum, 100 organisms).

On July 10, 240 ml of fresh Prudhoe crude oil per square meter,
or about 1.2 ml/liter of water, was applied in Pond Omega. After the
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Fig. 5 (a) Algal biomass in control Pond C. (b) Percent biomass
composition by phylum during the ice-free season in 1975. E,
Euglenophyta; Ch, Chrysophyta; Cr, Cryptophyta; Py, Pyrrophyta;
Cy, Cyanophyta; B, Bacillariophyta; and Chi, Chlorophyta.
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(a)

100

Fig. 6 (a) Algal biomass in oil-spill Pond Omega, (b) Percent
biomass composition by phylum during the ice-free season in 1975.
E, Euglenophyta; Ch, Chrysophyta; Cr, Cryptophyta; Py, Pyr-
rophyta; Cy, Cyanophyta; B, Bacillariophytajand Chi, Chlorophyta.
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spill, primary production was inhibited and remained low for 6 days :i
(Fig. 4). By day 18, production in Pond Omega was substantially I
higher than in the control pond. Comparing the average ratio of i
production in Pond C with that in Pond Omega before and after the I
spill, we found that primary production appeared to be 28% lower in |
Pond Omega during 46 days after the spill [Fig. 4(a)].

Six days after the spill, the algal biomass was greater in
Pond Omega than in Pond C, and it remained higher on every later j
sampling date except one (six of seven dates) [Figs. 5(a) and 6(a)]. '
The biomass in the oil-spill pond reached a maximum of 481 mg/m3 •;
on August 6 [Fig. 5(a)], as if the oil had stimulated growth. The j
average density of algal cells in the plankton of Ponds C and Omega :
had the same seasonal pattern, however. Only the amplitude of the >
oscillations in density was greater in Pond C. The effects on biomass ;
must have been caused by changes in species composition and in ;
average size of cells [Figs. 5(b) and 6(b)]. The number of genera i
found in the samples counted was no different before or after the :
spill (an average 17 genera per sample). j

DISCUSSION

Under arctic summer conditions, temperature (25 vs. 5°C) had I
no great effect on the loss of Prudhoe Bay crude oil. Photodecompo- i
sition losses appear to effect the total loss of volatile components in ;
crude oil but not of specific components (Fig. 1). However, the total ]
weight loss was greater for oil exposed to the atmosphere. Under j
controlled conditions, there was no loss of any particular oil j
component. When compared to abiotic controls, the biotic compo- ]
nent was evidently utilizing the shorter length carbon components of }
the saturate fraction. These results agree with those of Atlas (1975), j
who found that losses of the shorter n-alkanes were greatest after
42 days in marine environments near Prudhoe Bay. The loss by j
weathering, about 24% in total weight of crude oil in 36 days, agrees 'i
with that reported by Atlas (1975) for marine systems. :j

Other experimental work on crude-oil effects on arctic fresh- j
water systems has been carried out on lakes in MacKenzie River \
Valley, Northwest Territories (N.W.T.), Canada, where oil develop- I
ment is occurring. Observations of the effects on primary producers j
of a wide range of doses (0.03 to 9.1 ml/liter) (Table 1) are 1
summarized as follows: )

1. Rapid volatilization caused loss of tox?c compounds within |
hours, with a 30 to 40% loss of total volume o:r crude oil in the first \
day (Snow and Rosenberg, 1975b).
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2. Primary productivity often showed immediate inhibition (in
days 0 to 1), with reductions extending no more than the first
season.

3. Phytoplankton and periphyton biomass increased in oiled
sections of lakes in the Northwest Territories.

4. Species composition changed as blue-green algae became
dominant, especially in the periphyton, which grew profusely.

Our study using Prudhoe Bay oil on tundra thaw ponds near
Barrow, Alaska, demonstrated different patterns:

1. Volatilization and solution of oil from the pond surface was
not nearly so rapid with Prudhoe crude oil (10% loss in first day) as
with the Canadian crude oils (30 to 40% loss in first day).

2. Primary production decreased after the spills (1.2 ml/liter),
but partial recovery took place between 6 and 18 days after the spill
(Fig. 4).

3. There was no significant change in algal density (numbers per
liter). An increase in algal biomass occurred after the spills (Figs. 5
and 6).

4. Blue-green algae did not become dominant, but dominance
shifted from Chrysophyta (Chromulina) and Cryptophyta {Rhodo-
monas) to Chlorophyta (Chlamydomonas), Chrysophyta (Uroglena),
and Pyrrophyta (Dinoflagellates).

The lower loss rates were partially caused by the lower average
water temperatures (5.0°C) in Pond Omega after the spill. Elevating
the temperature by 20° C increased the volatilization rate by only
20%. Since the solubility of the Prudhoe Bay oil was only 3%, as
measured by fluorescence of the CC14 -extractable materials, we can
assume that most of the first-day loss was by volatilization. The
first-day loss rate of Pembina oil was 34% and of Normal Wells oil,
about 43%. Thus the proportion volatilized on the first day must b3

a function of the type of oil.
Not all loss of the saturate fraction was abiotic in the ponds.

Core:- incubated in situ were still losing oil residues after 45 days.
Although the SF had lost all compounds less than C,3 in 13 days
when tested, a HgCl2 -killed control had not lost them at all after
7 days. Thus the loss of the compounds in the saturate fraction from
C9 — C, 2 was largely biological. The data of Hobbie and Shelton
(1975) showed that bacterial density was from 3.0 to 5.5 x 10s

cells/ml (using acridine-orange epifluorescence counting) higher after
the spill in Pond Omega than in the control pond (density range in
Pond C, 0.8 to 1.5 x 106 cells/ml). Furthermore, bacterial density
appeared to be significantly higher in water of oil-enriched cores
incubated in situ for 2 days after the addition of oil than in open



TABLE 1

EFFECT OF CRUDE OILS ON PHYTOPLANKTON FROM NORTHERN LAKES
AND TUNDRA THAW PONDS*

Location
of oil

exposure

Marsh
near
Inuvik,
N.W.T.

Hanna Lake,
N.W.T.,
littoral
coral

Ottawa River
artificial
ponds

Lake 4
N.W.T.,
whole lake

Lake 8,
N.W.T.,
cylinders
with bottoms

Dose,
cc/liler

(llters/m2)

1.95

2.65(14.5)
and

6.2(35.1)

1.5(0.44)
and

9.1 (2.67)

0.03 (0.06)

2.25(5.0)

oa
source

MacKei—ie
Valley

Norman Wells

Norman Wells

Norman Wells

Pembina

Change in
1 * C primary
production

1000% decrease,
4 hr after
addition

32% decrease,
average for
65 days

na

na

Reduced to 0
on day 0,
recovered by
day 1

na

Change in
algal

biomass

na

None

Density > 1 for 6
dates postspill

Inctvase over
controls

Greatest increase
ovei controls

na, periphyton
increased for
one season

No increase with-
out added N, P,
and light

Change in
species

composition

na

Oscillatoria
sp. increased
in relative density

na

na

na, periphyton
blue-greens
dominant

na

References

Dickman,
1971

Hanna, Hellebust,
and Hutchinson,
1975;
Hellebust
etal., 1975

Shindler,
Scott, and
Carlisle, 1975

Snow and
Rosenberg,
1975a

Snow and
Brunskill,
1975;
Snow and

r—
j —

m
HQ

I
>
H

>
Z

<m

>
r

Scott, 1975



Lake 4C,
N.W.T.,
littoral
coral

Lake 8,
N.W.T.,
littoral
coral

Cape Simpson,
ponds exposed
to natural
seeps

Pond E,
whole
pond(1970)

Pond Omega,
whole pond

0.04 (0.06)

na

"Light
to
heavy"

50(10)

1.2(0.24)

Norman Wells

na

Cape
Simpson

Prudhoe Bay

Prudhoe Bay

na

na

200-1000%
increase

1970, slight
increase;
1971, 50%
decrease; 1972,
170% increase;
1975,
no difference

28% decrease
rciative to
control after
46 days

Seston and
particulate C
andN
increased
-300%

Seston and
particulate C
and N increased
~200%

Increased 10X in
medium expo-
sure; decreased
70% in heavy
exposure

No difference

No difference

na

na

Chlorophyta
and
Cyanophyta up,
Cryptophyta
down

Rhodomonas
down,
Uroglena up

Chromulina and
Rhodomonas
down,
Uroglena and
Chlamydomo-
nas up

Snow and
Rosenberg,
1975b

Roeder et al.,
1975;
Snow and
Scott, 1975

Barsdate,
Alexander, and
Benoit,
1973

Barsdate and
Prentki, 1973;
Alexander, Clasby,
and Coulon, 1972;
Miller and
Reed, 1975;
Stanley, 1973;
this study

This study

31

O
I
o
m
O
30
C
o
m

*Abbreviation na means data not available.
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water in the pond. Although their data are total counts of bacteria
and not simply hydrocarbon-degrading bacteria, Shindler, Scott, and
Carlisle (1975) and Atlas (1975) also found increases in bacteria in
oil-treated freshwaters in the arctic.

In contrast to the artificial ponds (Shindler, Scott, and Carlisle,
1975) and to littoral corals (Hellebust et al., 1975), the biomass of
algae in our thaw pond did not increase proportionally to the oil
dose rate. The experimental spill in 1970 en neighboring Pond E
caused effects virtually identical to those of the spill in 1975 on
Pond Omega, except that the dose was 45 times greater on Pond E
(Alexander, Clasby, and Coulon, 1972; Barsdate and Prentki, 1973;
Hobbie, 1977). If eutrophication was the mechanism causing species
compositional changes, a greater effect from the heavier spill
(10 liters/m2) would have been expected. After the spill in 1970 on
Pond E, however, no significant changes were observed in nutrient
levels or algal biomass. Thus any organic or inorganic nutrients
released from the oil by decomposition did not appear to stimulate
photosynthesis or to change algal biomass.

Barrow ponds are subject to intense grazing by zooplankton,
clearing the water of seston about once per day in July (Hobbie,
1977). Cladocerans and fairy shrimp are killed within 4 days by the
application of oil. Only omnivorous cyclopoid copepods survived the
entire summer in Pond C (O'Brien, 1975). After the 1970 spill on
Pond E, these species were eliminated in succeeding summers (1970
to 1973) (Stross, 1974). We must conclude that the change in algal
species composition was caused and maintained by the severe
reduction in density or elimination of the large grazing zooplankton
by the oil.

Thus the effect of Prudhoe Bay crude oil on the primary
production in tundra thaw ponds involves some initial toxicity
followed by an apparent increase of algal biomass. The elimination of
zooplankton releases grazing pressure on the algae and thus causes a
change in species composition.
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EVALUATION OF RADIOMUCL1DES
RELEASED FROM THE LIGHT WATER
REACTOR NUCLEAR FUEL CYCLE
TO THE AQUATIC ENVIRONMENT

B. G. BLAYLOCK and J. P. WITHERSPOON
Environmental Sciences Division, Oak Ridge National Laboratory,
Oak Ridge, Tennessee

ABSTRACT

This paper summarizes important radionuclides released to the aquatic en-
vironment from different stages of the nuclear fuel cycle and points out the
significance of pathways of radionuclide cycling leading to the radiation
exposure of man. The criteria used to determine the important radionuclides
were the quantity released, the bioaccumulation factor; in aquatic biota, and the
estimated radiation dose to aquatic biota and to man. The facilities of the
nuclear fuel cycle which were considered include mining and milling of uranium,
conversion, enrichment, fuel fabrication, reactors, and reprocessing facilities.

The radioactivity released from nuclear facilities was evaluated by measuring
the radionuclides from nuclear effluents of representative facilities. In the case
of light-water reactors, the radionuclide concentrations were obtained by taking
the highest reported average annual concentration of each radionuclide in the
effluents of 10 pressurized-water reactors and 9 boiling-water reactors. For facil-
ities where actual measurements were not available, releases to the aquatic en-
vironment were predicted on the basis of conservative estimates.

The biotic component receiving the greatest doses varied with the type of
facility. The maximum dose estimates for aquatic biota around any individual
facility of the fuel cycle was 5 rads/year for aquatic plants, 7 rads/year for
invertebrates, and 0.14 rad/year for fish. An estimated maximum total body
dose of 2.3 and 3.4 mrems/year could be accumulated by man through the
aquatic food chain.

The release of radionuclides to the aquatic environment is an impor-
tant factor to be considered when the impacts of nuclear energy
production are evaluated. Quantitative data on the cycling and dis-
tributi r of radionuclides in aquatic systems are necessary if realistic
prediction of radiation dose to man and aquatic biota is to be made.
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The purpose of this paper is to identify and evaluate the radio-
nuclides that are released to the aquatic environment from different
facilities in the light-water-reactor nuclear fuel cycle. The evaluation
is based on the quantity released, the bioaccumulation factor, the
radiation dose to aquatic biota, and the potential radiation dose to
man for each nuclide.

Although a considerable amount of information is available on
the nuclear fuel cycle, much of the information is contained in docu-
ments that are not readily available (U. S. Atomic Energy Commis-
sion, 1974; Energy Research and Development Administration,
1975; U. S. Environmental Protection Agency, 1974). However, a
recent paper by Blaylock and Witherspoon (1975) deals with radio-
active releases from the different facilities of the nuclear fuel cycle
and estimates radiation dose and effects on aquatic biota. Informa-
tion and source terms collected for the previous paper are used in
this evaluation. Where additional data have become available, source
terms and estimates of releases have been revised.

The facilities in the enriched uranium dioxide fuel cycle con-
sidered are uranium mining, milling, conversion, enrichment, fuel
fabrication, light-water reactors, and fuel reprocessing. Storage of
high-level waste is not considered because no radioactive releases to
the aquatic environment are planned.

METHOD

Tables 1 and 2 summarize and modify the predicted concentra-
tions of radionuclides in aquatic environments resulting from releases
from the different facilities of the nuclear fuel cycle which were
presented in our previous study (Blaylock and Witherspoon, 1975).
Since in this paper we have extended the analysis to include pos-
sible radiation exposure to man via aquatic pathways (food, drinking
water, and swimming), the radioactive effluents from mining and
milling operations were diluted in a more realistic aquatic habitat (a
1300-cfs river). The modified concentrations for mining and milling
operations are given in Table 1, and the revised dose calculations
based on these concentrations are listed in the summary table on
doses to aquatic biota, Table 3.

The source terms used for releases of radionuclides to the aquatic
environment were obtained by assuming model facilities of average
size and employing the processes most commonly used in the United
States. When possible, measurements of radionuclide concentrations
in actual liquid effluents were used; however, these values were
scaled to represent the concentrations in effluents from model facil-
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TABLE 1

CONCENTRATIONS IN juCi/ml OF RADIONUCLIDES IN A
MODEL AQUATIC ENVIRONMENT RESULTING FROM

MEASURED AND EXPECTED RELEASES FROM
FACILITIES OF THE LWR NUCLEAR FUEL CYCLE

Radio-
nuclide

Fuel
Mining* Milling* Conversionf Enrichment + fabrication §

ii2U
2 3 3 U
2 3 4 U
2 3 S U
2 3 6 U

2 3 8 U
2 3 4 T h
2 3 4 P a
2 3 i T h

2 3 0 T h
2 2 6 R a
2iop b

2 1 0 P o
" 7 N p
2 38pu

9 0 Sr
9 5 Nb
9 5Zr
99rp.
I 0 6 R u
1 3 7 Cs
1 4 4 C e

2.0
2.0

2.0

0.5

2.9
1.3
1.8

X
X

X

X

X
X
X

10"
10"

10"

10"

10"
10"
10"

1 I

1 1

11

11

1 1

1 2
11

3.7 X
3.7 X

3.7 X

3.0 X

0.5 X

10
10

10"

10"

10"

I

1

1

l

l

I

\

i

1 1

5.4 X
5.4 X

5.4 X

3.8 X

9.6 X

10"'
10"1

10M

0

0

0

10"13

10"1 3

4
2
1
5
1

1

4
8

1
1
0

.2

.1

.5

.5
.4

.2

1
3

6
0
9

7.2
0
1.
1

9
6
6

X
X
X
X
X

X

X
X

X
X
X
X
X
X
X

10"
10"
10'
10"
10"

10"

10"
10"

10"
10"
10"
10"
10"
10"
10"

1 5
1 1

1 2

1 4
1 3

1 2

I S

1 8

2

I

1

1

2

2

9.5
7.9
1

4
4
4
7

1

3
4
4
9

X
X
X

X
X
X
X

10"9

10""
1 0 1 0

10"' °
10"1 0

10"1 0

10""

*Serves the fuel requirements for 5.3 model reactors (1000 MWe).
tServes the fuel requirements for 27.5 model reactors (1000 MWe).
^Serves the fuel requirements for 90.0 model reactors (1000 MWe).
§Serves the fuel requirements for 26 model reactors (1000 MWe).

ities. The bioaccumulation factors for aquatic biota used in evaluat-
ing the radionuclide represented upper limits found in the literature
(Thompson et al., 1972) except for a few radionuclides where there
are sufficient data to support less than the highest value observed.

Internal and external radiation doses to aquatic biota were cal-
culated by the BIORAD computer code (Killough and McKay,
1976). For dose calculations it was assumed that the radionuclide
concentration in water remained constant and that the biota had
reached a steady-state concentration. Since aquatic organisms can
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TABLE 2

CONCENTRATIONS IN ,uCi/ml OF RADIONUCLIDES IN A
MODEL AQUATIC ENVIRONMENT RESULTING FROM

RELEASES FROM A NUCLEAR POWER REACTOR AND FUEL
REPROCESSING PLANT*

Radionuclide
3 H
1 4 C
I8F1
24Na
s 'Mn
54Mn
5 I Cr
59Fe
64Cu
57Co
58Co
60Co
6 sZn
7sSe
70As
89Sr
90Sr
9 0 y
95Nb
9 sZr

" M o
99mrpc

I 0 3Ru
I 6 6 Ru
!00mAg

l 2 4 S b
1 3 1 7

1 32j
1 33j

134j

1 3 S I
1 3 4 C s
I 3 7 C s
I 4 0 L a
1 4 4 C e
1 8 7 W
2 3 9 N p

Pressurized-water
reactor (PWR)

5.1 X 10"6

1.5 X 10""
4.0 X 10"'°
1.3 X 10"9

9.4 X 10" '2

9.4 X 10" '2

2.4 X 10"9

1.2 X 10"'°
7.1 X 10" '2

3.4 X 10"'2

2.8 X 10"9

1.0 X 10"9

1.5 X 10" ' 2

1.1 X 10" ' 3

1.8 X 10" ' '
4.0 X 10" ' 2

1.6 X 10"'°
2.8 X 1 0 " "

8.0 X 10" ' '

3.4 X 10"' '
8.1 X 10" '2

2.9 X 10" ' 3

8.3 X 10" ' 2

1.6 X 10"9

2.4 X 1 0 " "
3.0 X 10"9

7.5 X 10"9

2.1 X 10"9

7.5 X 10"9

5.4 X 10"9

2.9 X 10"' 2

1.0 X 10" ! 0

6.9 X 10" ' 3

Boiling-water
reactor (BWR)

1.3 X 10"7

2.7 X 1 0 " "

4.2 X 10"9

6.3 X 10"'°
9.5 X 10""
4.9 X 10" ' 2

2.3 X 10"8

8.1 X 10"9

3.1 X 10"'°

1.3 X 1 0 " "

4.8 X 10" ' '
2.8 X 10" ' 2

1.0 X 10"'°

1.0 X 10"'°
6.5 X 10"'°

7.4 X 10" ' 3

1.0 X 10"8

8.4 X 10" ' 2

1.7 X 10"'°
1.3 X 10"12

7.4 X 10"9

1.4 X 10"8

3.1 X 10 1 0

2.2 X 1 0 " "
1.5 X 10"12

3.4 X 1 0 " "

Radionuclide

3 H
8 9 Sr
9 0Sr
9 0 y
9 I Y
9 s Z r
9 s N b
1 0 3 R u
1 0 6 R u
" O m A g
1 2 9 j

1 3 1 j
134Cs
137Cs
1 2 7m/pe

129tnT e

l 2 S S b
1 4 2 P m
1 4 1 C e
1 4 4 C e
I 5 4 E u
l s s E u
2 3 4 U
2 3 5 U
2 3 6 U
2 3 7 U
2 3 8pu

239Pu
240pu

2 4 'Pu
2 4 'Am
2 4 !Am
242Cm
244Cm

Fuel
reprocessing

plant

i.7 x io"7 ;
3.9 X 10""
3.7 X 10""
3.7 X 10"' '
7.2 x IO"1 ' ;

1.2 X 10""
2.2 X 10"10

1.8 X 10"'°
9.8 X 10"10

1.2 X 10"'2

1.2 X 10" '2

3.0 X 10"10

5.2 X 10"'°
2.6 X 10"'° j
1.4 X 10"" |

5.7 X 10"'2 |
3.9 X 10"' 2 j
4.9 X 10"" i
2.2 X 10" ' '
3.7 X 1 0 " " j

3 .3X10" 1 2

3.1 X 10"' 2

3.7 X 10" '4

8.2 X 10"' 7

1.4 X 10" ' s

1.5 X 10" ' s

3 . 4 X 1 0 " ' 2

4.0 X 10" ' 3 J
5 .7X10" 1 3 j
1.2 X 10" ' 2 .'!

7.7 X 10" ' s

8 . 7 X 1 0 " ' 5

8 . 2 X 1 0 ' 2 1
1.2X10" 1 2

]

•Serves the fuel roprocessing requirements for 42 model reactors (1000
MWe).
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TABLE 3

TOTAL DOSE TO AQUATIC BIOTA AND MAJOR DOSE
CONTRIBUTING RADIONUCLIDES

Fuel cycle
components

Mining

Milling

Conversion

Enrichment

Fab: Nation

j
| PWRs,
j! Fresh

water

PWRs,
Saline

; water

BWRs,
Fresh

\ water

j BWRs,
: Saline

water

Reprocessing

Total dose

Aquatic plants

2.4 X 102

226Ra

5.0 X 103

226Ra, 2 3 cTh

1.4 X 103

2Hu,"su,""u

2.6 X 10°
234y

1.3 X 10 '
2 3 4 U

7.9 X 10'
2 4Na, S 8 Co, 6 0 Co,
1 3 4 I , 1 3 4 Cs , 1 4 4 Ce

3.3 X 103

5 9 p e 1 3 1 j 1 3 3 T

1 3 4 j ' l 3 5 j ' '

6.0 X 102

S4Mn, s 8Co,6 0Co,
l 3 4Cs, 137Cs, : 4 0La

1.3 X 103

S4Mn, 58Co, 60Co,
1 31 j 13 3 j

1.5 X 102

1 0 6Ru, 2 4 5Cm

(mrads/year) and radionuclides

Invertebrates

4.0 X 102

210Po. 226Ra

1.4 X 103

226R a230T h

1.4 X 102

2 3 4 U , 2 3 S U , 2 3 8 U

3.5 X 10"'
2 3 4 U

1.6 X 102

! 3 4 U

5.2 X 101

" F e , 5 7 C o , 6 0 C o ,
1 3 4 C s , 1 3 7 C s

6.9 X 102

s 9 F e , s 8 C o , 6 ° C o ,
• 34j

1.8 X 103

54Mn, 58Co, 60Co,
65Zn, l 3 4Cs,
137Cs, 140La

7.0 X 103

54Mn, 59Fe, 58Co,
6 0Co,6 SZn

2.7 X 10'
l 0 6Ru, 242Cm

Fish

5.0 X 10°
2 1 0Po, 2 3 6Ra

9.0 X 101

2 2 6Ra, 230Th

1.4 X 10'
2 3 4U 2 3 5 U
2 3 8 u '
3.1 X 10°
9 5 N

2.6 X 101

2 3 4 U

1.4 X 102

9 s N b , 1 3 4 Cs ,
1 3 7 Cs

2.3 X 10 '
5 8 Co, 6 0 Co,
1 3 4 I , 1 3 4 C S

1.4 X 102

1 3 4 Cs, l 3 7 C s

1.9 X 102

S 4Mn, S 8Co,
6 0 Co

1.2 X 101

1 3 4 C s , 9 5 N b

concentrate radionuclides in their tissues to higher levels than the
levels of radionuclides in the ambient water, internal emitters will
generally contribute the major part of the dose to the organisms.
Therefore, only the internal doses for aquatic biota are given.

Dose to man was estimated for swimming in contaminated water,
drinking contaminated water, and for eating fish. The EXREM and
INREM computer codes were used in calculating radiation dose to
man, and the methodology, along with the dose rate factors, can be
found in Oak Ridge National Laboratory publication 4992 (Killough
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and McKay, 1976). For dose calculation purposes, it was assumed
that man is exposed 1% of the year from swimming in contaminated
water and that he will consume 20 g of fish and drink 1.2 liters of
water daily.

A description of each model facility follows. The predicted con-
centrations of radionuclide in the receiving aquatic habitats from
these model facilities are listed in Tables 1 and 2. A more complete
description of the model facilities can be found in Blaylock and
Witherspoon (1975).

Uranium Mining

About half of the uranium ore in the United States is extracted
by open pit (strip) mining (Witherspoon, 1974). The liquid effluents
from a mining operation consist of runoff from mining water which
is pumped from the mire to keep it dry while the ore is extracted
(U. S. Atomic Energy Commission, 1974).

The drainage water contains relatively large amounts of sus-
pended solids and is passed to a settling basin, Part of the water
becomes runoff, but the bulk recycles through natural seepage and
evaporation. The runoff water contains natural uranium, radium,
thorium, and other radionuclides.

The assumption was made that the model mine pumps 1500 gpm
of drainage water into a settling basin and that 10% (150 gpm) is
discharged as runoff. The receiving aquatic habitat is assumed to be a
small stream (5 cfs—140 liters/sec) which drains into a 1300-cfs (3 7 x
104 liters/sec) river. The concentrations of radionuclides in the n'v3r
are listed in Table 1.

Uranium Milling

Uranium mills extract U3OS from ores that contain from 4 to 6
lb of uranium per ton. The model uranium mill releases 2500
tonnes/day of waste liquid into a tailing retention pond system. The
retention system will permit the evaporation of most of the waste '
liquid; however, it is assumed that there will be some seepage from
the retention pond (Environmental Protection Agency, 1974). 1
Assuming a seepage rate of 300 liters/m (80 gpm), the estimated j
concentrations of radionuclides in a 5-cfs (140-liters/sec) stream ;
which are further diluted into a 3.7 x 10" liters/sec (1300 cfs) river j
are given in Table 1. j

I
rinversion Facilities—Uranium Hexafluoride Production

YThe next step in the nuclear fuel cycle is the conversion of the ;
\ U3O8 into the volatile uranium hexafluoride (UF6) for sub-
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sequent isotopic enrichment. Irradiated materials are not handled by
conversion facilities, and all radionuclides present in the liquid efflu-
ents occur, to some extent, in nature. The concentrations of radio-
nuclides measured in the liquid effluent from a conversion plant
(Kerr—McGee Corporation, 1974) were used to obtain the radio-
active source terms in Table 1. The assumption was made that 1125
gal/min (7.1 x 101 liters/sec) were discharged into a 3.7 x 104

liters/sec river.

Isotopic (Uranium) Enrichment

The concentration of 2 3 s U is about 0.7% in the UF6 produced
in the conversion plants. The 2 3 5 U must be enriched to 2 to 4%
before fuel can be fabricated. Radionuclides are released in liquid
wastes from process cleanup operations and from auxiliary produc-
tion facilities. The radionuclide concentrations in Table 1 represent
the liquid effluents from a gaseous diffusion plant discharged into a
1300-cfs stream. Approximately half of the radionuclides is natural
uranium or its daughter products, while the other half consists of
radionuclides that are fission or activation products. The fission and
activation products enter the fuel cycle at this stage since the feed to
the enrichment plant consists of 10% recycled fuel and 90% virgin
uranium.

Fue! Fabrication

Fuel fabrication plants convert UF6 to U')2 by a wet process in
which ammonium hydroxide is reacted with steamed UF2 to pro-
duce a slurry which is then dried and converted to UO2 powder. This
powder is then compacted into pellets for placement in fuel rods.
The model plant required about 425,000 gal/day of water, which is
used for cooling process equipment and for diluting liquid process
wastes prior to release. A freshwater river that has a minimum flow
of 1300 cfs is assumed to receive what liquid effluents are released
(Table 1). The feed to the fabrication plant from the enrichment
contains recycled uranium from a reprocessing plant and virgir ura-
nium (Pechin etal., 1975). However, activation and fission products
cannot be detected in the combined materia'.

Light-Water Reactors

Fuel elements are used in reactors to furnish heat for steam to
generate electric power. During the operation of a nuclear power
reactor, radionuclides are formed by fission of the nuclear fuel and
by neutron activation of structural materials, corrosion products, and
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impurities in reactor coolant water. A small fraction of these radio-
active materials enter the plant's waste system and is channeled into
various effluent streams.

The concentrations of radionuclides used in calculating doses to
aquatic biota living in the vicinity of a nuclear power station are
given in Table 2 for pressurized-water reactors (PWR) and for
boiling-water reactors (BWR). The radionuclide concentration was
obtained by taking the highest average annual concentration of each
radionuclide measured in the effluents of 10 PWR and 9 BWR (U. S.
Atomic Energy Commission, 1973). The specific radionuclides in
effluents vary from plant to plant because of fuel performance, reac-
tor power production, and different designs in reactor and waste
treatment systems. Therefore all the radionuclides listed in Table 2
would not be found in the effluents of all reactors. Kaye and Rohwer
(1975) listed 89 radionuclides that were most often considered in
environmental impact statements for light-water reactors; however,
only 33 radionuclides were identified in the effluents of PWR and 26
in the effluents of BWR.

Dose calculations to aquatic biota and man are based on the
concentration of radionuclides in the discharged effluents mixed in a
1300-cfs (3.7 x 104 liters/sec) river. Since nuclear reactors are lo-
cated on freshwater streams, estuaries, and open seacoasts, dose rates
were calculated for aquatic biota exposed to radioactivity in fresh
waters and in saline waters.

Fuel Reprocessing

Spent fuel from a light-water reactor still contains usable fission-
able material. Fuel reprocessing recovers this usable material by
separating it from the spent portions of the fuel. This reclaimed fuel
is then cycled back to an enrichment plant and incorporated into
new feed material for fuel fabrication. Most of the fission products
and transuranic elements built up in the fuel elements, which power
light-water reactors, are now waste products of the reprocessing facil-
ity.

The model fuel reprocessing facility has no radioactive liquid
effluent (Finney et al., 1975); however, it was assumed that radio-
active materials from the gaseous effluents would be deposited in a
freshwater river at the same rates and amounts as on a similar area of
land. To evaluate aquatic pathways leading to a potential radiation
dose to man, we assumed that a segment of a river 1 mile long by 0.1
mile wide by 3 m deep is located 0.5 mile from a model plant in the
direction of the prevailing wind. All radionuclides remain in the
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water at a steady state with no further dilution by volume flow or
settling out.

The radiation dose received by aquatic biota through atmo-
spheric releases is very low. Only 34 radionuclides from the repro-
cessing facility were considered; however, many more would be
released to the atmosphere. The 34 considered were the ones that
would be found at the highest concentrations.

RESULTS AND DISCUSSION

Radiation Dose to Aquatic Biota

The estimated dose rates to aquatic biota are given in Table 3
along with the major dose-contributing radionuclides. Through the
first three processes in the fuel cycle—mining, milling, and
conversion—the natural isotopes of uranium and their daughter
products are responsible for the radiation dose to the biota. Aquatic
plants in habitats receiving discharges from milling facilities accumu-
late the highest dose, 5 rads/year. The major dose-contributing radio-
nuclides are 2 2 6 Ra and 2 3 0 Th, which are decay products of 2 3 4 U .
These isotopes have a greater bioaccumulation factor in aquatic biota
than do the isotopes of uranium (Table 4), especially for inverte-
brates and fish. Polonium-210, another decay product, is a major
dose-contributing radionuclide in mining effluents that has a greater
bioaccumulation factor than does uranium. As a general rule, where
isotopes of natural uranium and their daughter products are con-
cerned, the bioaccumulation factors decrease as the trophic level
increases—aquatic plants, invertebrates, and fish. This decrease in
bioaccumulation results in a decrease in the dose with increasing
trophic levels.

Recycled fuel enters the nuclear fuel cycle during the enrichment
process, and 9 SNb, a fission product with a bioaccumulation of 3.0
x 104 , is the major dose-contributing radionuclide in fish. Except in
fish, 2 3 4 U is the major dose-contributing radionuclide released from
the enrichment and fabrication facilities.

The dose rates to aquatic biota exposed to radioactive effluents
from PVVR and BWR in both saline and freshwater environments are
listed in Table 3. Invertebrates in a saline water habitat receiving
effluents from a BWR would accumulate the highest total dose (7
rads/year). In general, the dose rate to aquatic biota exposed to
radioactive effluents from BWR is greater than the dose rate received
from effluents from PWR. One exception is aquatic plants in saline
water which accumulate most of the radiation dose from the isotopes



TABLE 4

BIOACCUMULATION FACTORS FOR MAJOR DOSE-CONTRIBUTING
RADIONUCLIDES THAT WERE USED IN BIORAD COMPUTER

CODE TO CALCULATE RADIATION DOSE TO AQUATIC BIOTA

Radio-
nuciide

2 4 Na
5 4 Mo
S9Fe
5 9 " 6 0 Co
6 5 Z n
9 5 Nb
1 0 6 R U
131-135]

.34.1 3 7C s

1 4 0 L a
1 4 4 Ce
2 1 0 P o
2 2 6 R a
2 3 o T h

2 3 2 -2 3 8 TJ

2 4 2 C m

Aquatic plants

Fresh watc

1.0
1.0
1.0
2.0
1.0

8.0
2.0
4 .0
8.0
5.0

5.0
2.0
2.5
1.5
1.0
5.0

X
X
X
X
X

X
X
X
X
X

X
X
X
X
X
X

10 2

104

1 0 3

1 0 2

1 0 3

10 2

10r
1 0 1

10 1

10 3

1 0 3

1 0 3

1 0 3

103

103

103

Salt

1.0
1.0
6.0
1.0
1.0

1.0
1.0
1.0
1.0

3.0
2.0
1.0
3.0
6.7
5.0

water

X
X
X
X
X

X
X
X
X

X
X
X
X
X
X

10°
10 4

10 3

10 2

1 0 1

10 2

1 0 3

1 0 4

1 0 '

10 2

10 3

10 2

1 0 3

1 0 '
1 0 3

Invertebrates

Fresh water

1.7 X
4.0 X
3.2 X
2.0 X
1.0 X

1.0 X
3.0 X
5.0 X
1.0 X
1.0 X

1.0 X
2.0 X
2.5 X
5.0 X
1.0 X
1.0 X

1 0 '
1 0 4

1 0 3

10 2

10 4

10 2

10 2

10°
10 2

1 0 3

1 0 3

10 4

10 2

10 2

10 2

10 3

Salt

1.0
5.0
2.0
1.0
5.0

2.0
1.0
1.0
5.0

1.0
2.0
1.0
2.0
1.0
1.0

water

X
X
X
X
X

X
X
X
X

X
X
X
X
X
X

10°
10 4

10 4

10 4

10 4

10 2

102

1 0 2

1 0 '

10 2

10 4

10 2

1 0 3

10'
1 0 3

Fish

Fresii water

2.0 X
1.0 X
1.0 X
2.0 X
1.0 X

3.0 X
1.0 X
1.5 X
4.0 X
2.5 X

2.5 X
5.0 X
5.0 X
3.0 X
1.0 X
2.5 X

1 0 '
10 2

10 2

1 0 '
1 0 3

10 4

1 0 '
1 0 '
10 1

1 0 '

1 0 '
1 0 '
1 0 '
1 0 '
1 0 '
1 0 '

Salt

1.0
3.0
1.0
1.0
5.0

1.0
3.0
3.0
3.0

3 0
5.0
5.0
1.0
1.0
2.4

water

X
X
X
X
X

X
X
X
X

X
X
X
X
X
X

10°
1 0 3

1 0 3

10 2

1 0 3

10 2

10°
10°
1 0 '

10"
10"
10 1

1 0 4

1 0 '
1 0 '

5
n

H
I

3)

O
O
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of iodine. The difference between dose in saline and fresh water can
! be attributed to the bioaccumulation, which is 104 for iodine in
t saline water and 101 in fresh water. In comparing the total dose to
I biota in freshwater and saline water habitats, the biota in saline
i environments accumulated the greater dose with the exception of
I freshwater fish. The isotopes of cesium, which have a greater bio-
\ accumulation in freshwater fish, are the major dose contributors and
I are primarily responsible for the difference in doses.
i The maximum doses accumulated by aquatic biota were 5 rads/

year for aquatic plants, 7 rads/year for invertebrates, and 0.14
rad/year for fish. At these low dose rates and based on information
now available, radiation effects would not be detected, and there
would be no measurable detrimental effects on the iquatic popula-
tions (Blaylock and Witherspoon, 1975; International Atomic Energy
Agency, 1976).

Radiation Dose to Man

: In most cases only a small percentage of the potential radiation
j exposure to man from radioactive releases from nuclear fuel cycle
I facilities comes from liquid releases. A much larger percentage can be
! attributed to atmospheric releases.

The potential radiation dose received by man from radioactive
effluents from the nuclear fuel cycle were evaluated by considering
three pathways—swimming, drinking water, and eating fish. The
totai body dose and the organ dose for bone and thyroiu for the
three pathways evaluated are shown in Tables 5 and 6. The highest
potential body dose is accumulated by eating fish from fresh water

I receiving radioactive effluents from PWR and BWR. An estimated
dose of 2.3 and 3.4 mrems/year can be attributed to PWR and BWR,
respectively. In both cases cesium is the major dose-contributing
radionuclide.

Larger quantities of tritium are released to the liquid rad waste
of reactors (U. S. Atomic Energy Commission, 1973) and repro-
cessing plants than any other isotope. Because tritium has a bio-
accumulation factor of 1 and a low dose rate factor (Killough and

I McKay, 1976), usually it is not considered a major dose contributor.
However, in drinking water receiving effluents from PWR and fuel
reprocessing plants, it becomes a major dose contributor (Table 6).

I For man the total body dose estimated for each of the facilities
was less than 1% of the 500 mrems/year limit (Code of Federal
Regulations, 1977a) for maximum exposure to individuals around
nuclear facilities. The estimated total body dose for swimming,
drinking water, and eating fish was about 3.9 mrems/year for BWR.
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TABLE 5

DOSE TO MAN (mrems/year) AND MAJOR DOSE-
CONTRIBUTING RADIONUCLIDES ASSOCIATED WITH
RELEASES FROM NUCLEAR FUEL CYCLE FACILITIES

Fuel cycle
component

Mining

Milling

Conversion

Enrichment

Fuel
fabrication

Swimming*

4.9 X 10"7

2 3 S U

8.6 X 10"7

2 3 S U

1.2 X 10"s

2 3 S U

2.1 X 10"6

9 S Nb, 9 S Zr

2.6 X 10"4

2 3 4 Pa

Drinking

Body

4.0 X 10"'
2 2 6 R a

7.1 X 10"2

2 2 6 R a

4.7 X 10"2

2 2 6 R a

3.6 X 10"4

9 0 S r , " T c

6.0 X 10"2

2 3 4 U

watert
Bone

3.9 X 10°
9 2 Ra

7.3 X 10"'
2 2 6Ra

6.9 X 10"'
2 1 4 U

6.8 X 10"3

9 0 Sr

9.6 X 10"'
2 3 4 U

Eating fishi

Body

3.3 X 10"'
2 2 6 R a

5.8 X 10"7

2 2 6Ra

1.7 X 10"2

2 2 6 R a

2.6 X l(f*
" T c

1.0 X 10^
2 3 4 U

Bone

3.2 X 10°
2 2 6 R a

5.7 X 10"'
2 2 6Ra

2.0 X 10"'
2 2 6 R a

7.4 X 10"4

9 0 S r , 1 3 7 C s

1.6 X 10 '
2 3 4 U

*Exposure 1% of the year.
tDaily intake is 1.2 liters.
JDaily intake is 20 g.

The dose is slightly above the 3 mrems/year suggested for liquid
effluents from nuclear power reactors {Code of Federal Regulations,
1977b). However, it should be emphasized that these are conserva-
tive dose estimate?.

Since there are uncertainties in calculating dose for man and
aquatic biota, a conservative approach is always used. For example,
doses are calculated for all radionuclides that have been measured in
the liquid effluents of a commercial reactor; however, not all these
radionuclides would be found in the effluents of each reactor. Bio-
accumulation factors are extremely important in calculating doses to
aquatic biota and dose to man via the aquatic food-chain pathway.
For some radionuclides there is much uncertainty (Vanderploeg
et al., 1975). Bioaccumulation factors for specific aquatic environ-
ments and more accurate discharge data would permit the calculation
of more realistic doses.

Dose calculations are based on the concentrations of radio-
nuclides as the effluents are diluted in the receiving body of water.
No consideration is given to the decrease in concentration resulting
from uptake by sediments. The role that sediments play in the
cycling of radionuclides in aquatic systems is not well understood



TABLE 6

DOSE TO MAN IN MREMS/YEAR AND MAJOR DOSE-CONTRIBUTING
RADIONUCLIDES ASSOCIATED WITH RELEASES FROM NUCLEAR FUEL

CYCLE FACILITIES

Fuel cycle
facility

PWR
Fresh
water

Saline
water

BWR
Fresh
water

Saline
water

Swimming*

7.1 X 10"3

1 3 4 I , ' 3 4 C s ,
24Na

7.1 X 10"3

l 3 * C g , l 3 4 I

9.3 X 10"3

1 3 4 Cs , 5 8 Co,
6 0Co

9.3 X 10"3

5 8 Co, 6 0Co

Drinking watert

Body

4.9 X 10"'
I 3 4 C s ,
1 3 7 C s , 3 H

5.4 X 10"'
5 8 Co,
6 0 Co,
8 9 Sr

Bone Thyroid

3.7 X 10"' 2.3 X 10°
1 3 4 C 1 3 l j

I 3 ' 'Cs

6.6 X 10"' 8.3 X 10°
i 3 4 C s 131 j

1 3 7Cs

Body

2.3 X 10°
1 3 4 Cs,
I 3 7 Cs

1.9 X 10"'
1 3 4 Cs,
1 3 7Cs

3.4 X 10°
1 3 4 Cs,
1 3 7Cs

3.9 X 1C"'
1 3 4Cs,

Eating fishi

Bone

2.4 X 10°
1 3 4Cs,
1 3 7Cs

1.8 X 10"'
1 3 4 Cs,
1 3 7Cs

4.4 X 10°
1 3 4 Cs,
1 3 7Cs

3.3 X 10"'
1 3 4Cs,

Thyroid

5.6 X

7.5 X

2.1 X

2.8 X
1 3 1 j

10"'

10"'

10°

10"2

1 3 4 Cs 1 3 7

Reprocessing 1.8 X 10"4 2.9 X 10""2 1.6 X 10"' 2.5 X 10"'
1 3 4 C s , 9 s N b 1 3 4 Cs, 1 3 4 Cs, 1 3 1 I

1 3 7 Cs, l 3 7 C s ,
3H 9 0Sr

1 J 7 Cs , ' " C s
6 0Co

1.5 X 10"' 1.5 X 10"' 6.3 X 10"^
Cs,

7Cs
Sr,

7Cs

•Exposure 1% of the year.
fDaily intake is 1.2 liters.
JDaily intake is 20 g.
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and may be very important in modifying predictions of dose to
aquatic biota and to man through aquatic pathways.
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MERCURY IN FISH AND SEDIMENTS
EN TWO EUTROPHIC MICHIGAN LAKES
WITH RESPECT TO TIME AND URBANIZATION

CHARLES S. ANNETT and FRANK M. D'lTRI
Institute of Water Research and Department of Fisheries and Wildlife,
Michigan State University, East Lansing, Michigan

ABSTRACT

The total mercury levels in water, fish, and sediments from two eutrophic lakes
in Michigan were measured to assess the extent of mercury contamination during j
urbanization. Since one lake is in a heavily populated area and the other is j
located in a secluded bird sanctuary, their degree of urbanization differs greatly. j
Nonetheless, the two lakes have comparable levels of mercury contamination, |
which cannot be accounted for by direct point discharges. Therefore, the most !
probable source is atmospheric washout from nearby industrial areas. Between !
1971 and 1976 the average total mercury concentrations in the sediments of the I
urbanized lake decreased from 0.78 + 0.14 to 0.30 ± 0.13 mg/kg dry weight (± j
standard deviation). The muscle tissue of several species of fish contained from j
0.07 to 0.86 mg/kg wet weight of total mercury. During the same 5-year period, ->
at the isolated, nonurbanized lake the mercury levels in the sediments also j
decreased from 0.22 ± 0.03 to 0.15 ± 0.02 mg/kg dry weight. Among the 106 j
fish tested from this lake the total mercury in the muscle tissues ranged from .:
0.06 to 0.93 mg/kg wet weight.

In the early 1970s concern over mercury levels in aquatic organisms
provided the major impetus for eliminating mercury point discharges j
from industrial manufacturing and processing operations. Neverthe- j
less, a wide variety of nonpoint discharge sources still release large i
quantities of mercury near urban centers in our industrialized society i
(D'ltri, 1972). j

For example, the annual worldwide environmental release of \
mercury from coal is estimated to be 5000 tonnes, with an additional
2200 tonnes released during the roasting of sulfide ores and the
production of cement (Wollast, Billen, and Mackenzie, 1975).
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Additionally, ~25,000 tonnes of mercury are discharged to the
atmosphere from the earth's crust through natural degassing, a
process that is enhanced by man's actions (Weiss, Koide, and
Goldberg, 1971). In contrast, the natural weathering processes do
not appear to contribute more than 230 tonnes of mercury annually
to the global cycling of the element.

In the United States most of the nonpoint discharges of mercury
occur in industrialized—urban centers and are reflected in increased
atmospheric mercury levels. The unpolluted air normally found in
the lower portion of the atmosphere usually has a mercury
concentration ranging from 1 to 10 ng/m3 (McCarthy et al., 1970).
These values were substantiated by the U. S. Geological Survey
Study (1970), which reported that air over nonmineralized areas
ranged from 3 to 9 ng Hg/m3. Nevertheless, appreciably increased
levels can occur locally from the unintentional release of mercury
compounds into the atmosphere. Thus mercury levels vary widely
over metropolitan areas: 1 to 30 ng/m3 over Buffalo, N. Y. (Pillay
et al., 1972); 3 to 39 ng/m3 over Chicago (Brar et al., 1969); and 0.5
to 50 ng/m3 over the San Francisco Bay area (Williston, 1968). The
greatest concentrations of airborne mercury are associated with
coal-burning power plants, industrial plants, and municipal incinera-
tors, where smokestack emissions range from 50 to 10,000 ng/m3

(Environment, 1971). Periodically, rain washes the mercury resulting
from anthropogenic activities into nearby watercourses, where it is
biologically converted into methyl mercury and is magnified by
aquatic organisms.

This research was initiated to determine the natural and
anthropogenic sources of mercury and to compare the mercury levels
in fish and sediments in two eutrophic lakes with contrasting
patterns of urbanization.

MATERIALS AND METHODS

Study Sites

Lake Lansing (Fig. 1), located in Ingham County, Michigan, has
an area of 183 ha with maximum depths of 8.2 and 9.1 m. Inputs
into the lake include several underwater springs and a few small
drains on the eastern shoreline. The watershed covers 891 ha, and the
single outflow from the lake is generally limited to less than
28.3 lit«vs/sec. Like most lakes in the area, Lake Lansing was formed
by the continental glacier approximately 10,000 years ago. The
bottom is composed largely of peat and marl, with small areas of
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LANSING AND
EAST LANSING

LAKE LANSING

METERS
LAKE LANSING
AREA, 183 ha

PREVAILING WIND DIRECTION

WINTERGREEN LAKE

KALAMAZOO

WINTERGREEN LAKE
AREA. 15 ha

Fig. 1 Maps of Lake Lansing and Wintergreen Lake, showing
locations of the sediment sampling sites (•). The contour depth
intervals are in meters.

sand. The predominant vegetation includes pickerelweed (Pontederia
sp.), cattails {Typha sp.), various pond weeds (Potamogeton sp.),
muskgrass (Chara sp.), water milfoil (Myriophyllum sp.), and yellow
water lily (Nuphar advena). Permanent residents populate the
lakeshore and the drainage area, which was without sanitary sewers
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until 1964 (Ball, Bahr, and Kevern, 1971). Because of these factors,
the lake is eu trophy ing rapidly.

Wintergreen Lake (Fig. 1), located in Kalamazoo County,
Michigan, is one of many small pit lakes in the Kalamazoo
Mississinawa morainic-system outwash plain. Since 1928 the lake
area has been managed as a waterfowl sanctuary administered by
Michigan State University as part of the W. K. Kellogg Biological
Station. The lake has an area of 16 ha and a maximum depth of
6.4 m. The drainage area covers 215 ha (Fetterolf, 1952). No
permanent stream? flow into it, but the lake has the following
sources of inflow: low-volume effluent from a dairy-feedlot lagoon,
effluent from a public-school waste lagoon, and springs in the
northern half of the lake (Manny, 1971). The sole outlet from the
lake, in the southwest corner, leads to Gull Lake. The sediment is
composed largely of marl and detritus or marl and organic ooze, with
sand in the southwest end (Scheibner, 1958). The lake is surrounded
by stands of oak, hickory, and pine, and the encroaching vegetation
consists of water willow (Decodon verticillatus), buttonbush (Cepha-
lanthus occidentalis), and yellow water lily (JV. advena). The
predominant aquatic vegetation includes coontail (Ceratophyllum
demersum) and pond weeds (Potamogeton pectinatus, P. foliosus,
and Najas flexilis) (Scheibner, 1958). During the summer, sub-
merged, emergent, floating macrophytes cover approximately 75% of
the lake's surface. The lake is rich in organic material primarily
because of the large resident and migratory goose and duck
populations. In addition to the resident population of approximately
300 ducks, geese, and swans=, an estimated 10,000 Canada geese
(Branta canadensis L.) and 10,000 ducks flock to the lake each fall.
The unusually rapid growth of fish indicates that abundant food is
available (Funk, 1942).

Sample Collection and Analytical Procedures

In 1971 fish were collected by angling five times at Wintergreen
Lake on May 19, June 24, July 28, September 30, and October 14.
Sediment and water samples were collected on October 14. The 1976
fish, water, and sediment samples were collected on April 28. The
Lake Lansing fish samples were collected from Apr. 20 to May 4,
1971, and from Apr. 15 to 21, 1976. All the fish were taken by gill
net. The sediment and water samples were collected on Apr. 20,
1971. The sediment sampling stations and their respective depths for
Lake Lansing and Wintergreen Lake are shown in Fig. 1. Sediment
samples were collected with an Eckman dredge. Water samples were
taken at the surface, mid depth, and bottom of each lake with a Van
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Dorn bottle. In all cases the water samples were analyzed as soon as
possible, and the fish and sediments were frozen for later analysis.
The total mercury content on a wet-weight basis was determined by
flameless atomic absorption procedures as described by Annett et al.
(1972).

RESULTS

The mercury content of the sediments was high enough to be
easily measurable although it decreased between 1971 and 1976,
whereas total mercury concentrations in the water from both lakes
were below the detectable limit (0.2 ptg/liter). In Wintergreen Lake
the average mercury content of sediment was 0.22 mg/kg dry weight
in 1971 and 0.15 mg/kg dry weight in 1976. This represents a
decrease of 32% over 5 years. During the same period the average
mercury content of sediment in Lake Lansing decreased 61.5%, from ,•
0.78 to 0.30 mg/kg dry weight. These data are presented in Table 1.

The relationships between weight and total mercury concentra-
tion in northern pike (Esox lucius), yellow bullhead (Ictalurus
natalis), brown bullhead (Ictalurus nebulasus), and black crappie
(Poxomis nigromaculatus) taken from Lake Lansing in 1971 and
1973 are summarized in Table 2. Regression equations and correla- 7
tion coefficients were calculated for all species of fish for which we ••
had adequate samples. Regression analyses were not attempted on
brown bullhead and black crappie because of the small sampling, but
data on their mercury content are also presented in Table 2. j

In 1971 yellow bullhead was the only species that exhibited a I
significant correlation between mercury content and body weight. j
The regression equation [mg Hg = 0.04 + 1.79 x 10"3 weight (g), >
where SE (slope) = ±8.30 x 10"4 (g), d.f. = 6, and P < 0.05] and a J
correlation coefficient, r (0.78), were calculated for the eight fish j
taken in 1971. The average mercury content of these fish was j
0.49 mg/kg (the range was 0.17 to 0.77 mg Hg/kg), and the j
regression line crossed the 0.5 mg Hg/kg level at a body weight of H
257 g. The six fish sampled in 1976 had a lower average mercury j
content, 0.44 mg/kg (range, 0.22 to 0.44), and the mercury-to- J
weight relationship was not as apparent because the correlation
coefficient was not significant (r = 0.18). The average mercury {
content for 11 northern pike was 0.37 mg/kg (range, 0.12 to 0.78) in j
1971, whereas the six fish taken in 1976 averaged 0.56 mg/kg (range, ,(
0.24 to 0.93). The correlation coefficients, 0.24 and 0.18 for 1971 f
and 1976, respectively, show a poor relationship between the
mercury content and the weight of these fish. In the total sampling
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TABLE 1

TOTAL MERCURY CONTENT OF LAKE
WINTERGREEN

! Station

i
I

1: 2
3
4
5

Average

1
2
3
4
5

! 6
7
8
9

Average

*Each value
: t± Standard

Depth, m

Lake

7.3
3.8
2.6
2.3
5.0

LAKE
LANSING AND

SEDIMENTS*

Mercury, mg/kg dry weightf

1971

Lansing

0.76
0.80
0.70
0.64
1.01

0.78

±0.07
±0.11
±o.oe
±0.08
±0.15

±0.14

Wintergreen Lake

0.5
1.8
2.0
0 R

2.0
4.0
2.0
5.0
0.6

0.23
0.25
0.23
0.26
0.16
0.17
0.16
0.24
0.25
0.22

± 0.05
±0.03
± 0.03
±0.06
±0.02
±0.03
±0.03
±0.04
±0.02
±0.03

1976

0.23
0.15
0.34
0.26
0.54

0.30

0.16

0.15
0.14
0.12
0.15
0.14
0.13
0.23

0.15

is the average of 3 replicate samples.
deviation.

±0.05
± 0.06
±0.08
±0.03
+ 0.16
+ ,U3

+ 0.01

+ 0.04
+ 0.02
+ 0.01
±0.04
±0.03
±0.02
+ 0.05
+ 0.02

of 23 fish taken from Lake Lansing in 1971, five fish, or 22%,
exceedtd the Food and Drug Administration (FDA) action level,*
0.5 mg Hg/kg. In 1976 four of the 20 fish sampled, or 20%, were
above that level.

The relationships of weight and total mercury concentration in
largemouth bass (Micropterus salmoides), yellow perch (Perca fn-
vescens), and sunfish—pumpkinseed hybrids (Lepomis cyanellus x
Lepomis gibbosus) taken from Wintergreen Lake in 1971 and 1976
are summarized in Table 3. In 1971 there was no significant

*The FDA actior 'evel of 0.5 mg Hg/kg was originally established as the
maximum concentraL ! in fish that could Le safely tolerated by Americans with
average fish consumption. Thus the FDA has taken action to confiscate
commercial fish catches in which mercury in random samples exceeds this level.
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TABLE 2

RELATIONSHIP OF WEIGHT AND TOTAL MERCURY CONCENTRATION
OF FISH TAKEN FROM LAKE LANSING*

Species

Northern .̂ :ke
(Esox lucius)

Total fish and
average Hg

Yellow bullhead
(Ictalurus natalis)

Total fish and
average Hg

Brown bullhead
(ictalurus nebulosus)

Total fish and
average Hg

Black crappie
(Poxomis nigromaculaius)

Total fish and
average Hg

Weight range,
g

100-300
300-500
500-700
700-900
900-1100

1100-1300
1500-1700

100—200
200-300
300-400
400—500

50—100
100-150

0-50
50—100

100-150

Number
of

fish

1
1
5
1
1
1
1

11

3
3
1

8

1
2

3

2
1
1

4

1971

Mercury,
mg/kg

wet weijjhtt

0.19
0.13
0.32 ±0.18
0.42
0.78
0.45
0.49

x = 0.37

0.32 ± 0.13
0.51 ± 0.13
0.68
0.77

i~ = 0.49

0.13
0.09

x = 0.10

0.26
0.50
0.86

K= 0.47

Number
of

fish

i
2
4
t

}

6

t
2
3
1

6

4
1

5

2
1

i

3

1976

Mercury,
mg/kg

r/et weightf

t
t

0.42
0.63 ± 0.22

t
t

x= 0.56

t
0.33
0.37 ±0.07
0.25

i"= 0.34

0.19+0.07
0.27

x = 0.20

0.18
0.29

1

it = 0.21

•See text for correlation coefficients.
t± Standard deviation.
£No fish caught.

correlation (r = 0.27) between mercury content and body weight of
largemouth bass. No correlations were found for either yellow perch
(r = 0.02) or sunfish—pumpkinseed hybrids (r = 0.14). Overall the
mean value for hybrid sunfish was 0.20 mg Hg/kg (range, 0.020 to
0.57). The yellow perch had a mean value of 0.14 mg Hg/kg (range,
0.02 to 0.28). These two species exhibited lower mean mercury
concentrations and were statistically different (F test, f = 20.16,
d.f. = 2156, and P<0.01) from the mercury levels in the large-
mouth bass (mean value, 0.31 mg/kg; range, 0.05 to 0.90). Further-
more, although none of the yellow perch and only one of the hybrid
sunfish exceeded the limit of the FDA action level, 9 of 76 (11.84%)
largemouth bass contained more than the 0.5 mg Hg/kg limit. Overall
in 1971 only 10 of 149 fish (6.71%) taken from Wintergreen Lake
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TABLE 3

RELATIONSHIP OF WEIGHT AND TOTAL MERCURY CONCENTRATION
OF FISH TAKEN FROM WiNTERGREEN LAKE*

Species

Largemouth bass
{Micropterus saimoides)

Total fish and
average Hg

Yellow c?rC;.
(Perca flavescens)

Total fish and
average Hg

Sunfish—pumpkinseed
hybrid {Lepomis cyanellus x
Lepomis gibbosus)

Total fish and
average Hg

Weight range,
6

100—300
300-500
500-700
700-900
900-1100

1100-1300
1300-1500
1500-1700
1700—1900
2100-2300
2300—2500
2700-3000

0-50
50-100

100-150
150—200

100-150
150-200
200-250
250-300

Number
of

fish

2
11
25
23

8
2
2
1

t1
1

t
76

1
4

24
1

30

11
18
22

2

53

1971

Mercury,
mg/kg

wet weightf

0.07
0.25 + 0.11
0.30 ± 0.08
0.31 ±0.13
0.3010.12
0.33
0.46
0.45

t
0.77
0.90
i

x = 0.31

0 16
0.16 ±0.02
0.13 ± 0.04
0.10

x = 0.14

0.17 ±0.07
0.15 ±0.05
0.26 ±0.10
0.32

x = 0.20

Number
of

fish

2
2
2

t
2
4
2

t
i
4

t
1

20

3
4
7

t
14

3
4
6

t
13

1976

Mercury,
mg/kg

wet weightf

0.23
0.38
0.28

t
0.40
0.54 ± 0.09
0.61

t0.63
0.83 ±0.18

t0.93

x = 0.54

0.13 ±0.03
0.15 + 0.07
0.16 ±0.08

t
x = 0.15

0.16 ±0.09
0.14 ±0.03
0.20 ± 0.06

t
x = 0.17

*See text for correlation coefficients.
t± Standard deviation.
JNo fish caught.

exceeded the limit. In 1976 a stronger correlation was observed
between mercury content and body weight of largemouth bass. For
the calculated linear regression: mg Hg = 0.21 + 2.47 x 10~3 weight
(g) [where SE (slope) = ±6.88 x 10"s (g), d.f. = 18, P < 0.01]; r is
0.72. The regression line crosses the 0.5 ppm mercury level at a body
weight of 1174 g. Additionally, the mean mercury level of the 20
fish was 0.54 mg/kg (ran£e, 0.19 to 0.99), and 55% of the fish had
mercury body burdens greater than 0.5 mg/kg.

In contrast, the 1976 mercury levels in yellow perch and hybrid
sunfish were essentially unchanged from the 1971 levels. The average
value for yellow perch was 0.15 mg/kg (range, 0.10 to 0.19) in 1976,
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compared with 0.14 mg/kg (range, 0.02 to 0.28) 5 years earlier. The
average mercury concentration in the hybrid sunfish appears to have
decreased slightly, however, from 0.20 mg/kg (range, 0.02 to 0.57) in
1971 to 0.17 mg/kg (range, 0.05 to 0.23) in 1976 (Table 3).
Furthermore, the correlation coefficients of 0.11 and 0.15 for yellow
perch and hybrid sunfish, respectively, show a poor relationship
between weight and mercury content. In the total sampling of 149
fish taken from Wintergreen Lake in 1971, ten (6.7%) exceeded the
0.5 mg Hg/kg FDA action level, but in 1976 eleven (23.4%) of 47
fish sampled were above that level. The higher overall average for
1976 was caused primarily by the greater number of large fish in that
sampling. For example, 20% of the fish taken in 1971 weighed more
than 900 g, but the weight of 70% of the largemouth bass taken in
1976 exceeded that value (Table 3).

DISCUSSION

In a previous comparison of eutrophic and oligotrophic lakes
(D'ltri, Annett, and Fast, 1971), the mercury levels of the water in
both lakes were below the detectable limit (0.2 jug/liter), but the fish
from the oligotrophic lake had higher mercury levels and its
sediments had lower mercury levels than those from the eutrophic
lake. If we assume equal mercury input rates, the eutrophic lake
exhibited a more rapid loss of mercury into the sediments. Since
both Lake Lansing and Wintergreen Lake have very little flow, the
mercury-contaminated sediments are not removed by scouring.
Therefore, the large decrease in mercury levels in Lake Lansing
sediments must have resulted from the gradual burying of more
highly polluted sediments that were deposited earlier when the lake
received septic tank leachate and lawn runoff. By 1970 approxi-
mately 90% of the homes on the lake connected into the municipal
sewage-treatment system, thereby effectively eliminating one mer-
cury source. A second source ended in 1971 when mercury lawn
fungicides were banned. Since Wintergreen Lake is not urbanized, the
reasons for the decline in mercury content of its sediments are not
apparent.

Nevertheless, dissolved mercury is most commonly removed by
adsorption onto suspended organic and inorganic pa "ticulates, which
then settle to the bottom. Therefore, when more suspended matter is
available, mercury is removed faster by sedimentation. Lake Lansing
followed the same general pattern. The mercury levels in water were
below detectability, but they were higher in the sediments and in
fish. Moreover, although the mercury content of the sediments of
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both lakes decreased from 1971 to 1976, Lake Wintergreen
sediments contained substantially less mercury (72% in 1971 and
50% in 1976) than Lake Lansing sediments (Table 1). This is
probably because of the very rapid sedimentation rate as a result of
the large input of fecal material from waterfowl. The birds are
responsible for an estimated input of ~20 tonnes (dry weight) of
feces per year (Eyman, 1972). Not only is the sedimentation
adequate to remove the mercury from the water by adsorption but
also this large volume of organic matter would dilute the mercury
and lower the concentration in the sediments.

It is difficult to pinpoint a direct source of mercury pollution to
either lake since there are apparently no point discharges. The lack of
sewers around Lake Lansing before 1964 could be responsible for
adding some mercury. This would subsequently have been added to
the sediment and may help to explain its high mercury levels.
Organomercurials were widely used in agriculture before 1971, but
these lakes had no agricultural activities nearby. This source of
mercury was also minimized because of their small watershed areas
and intermittent flow. Possible sources of mercury to Wintergreen
Lake include the school and dairy-feedlot lagoons and the bird
droppings. The actual mercury loading of manure to the lake was
minimal, however, amounting to ~-2.1 g Hg/year for the entire lake
(0.1 mg Hg/kg dry weight feces). The very low mercury content of
the school and feedlot lagoons also made a negligible addition in the
small volume of water contributed to the lake.

Although neither lake has a major point discharge source of
contamination, both contain substantial quantities of mercury. This
suggests that a common source of mercury contamination may be
responsible. Two nonpoint sources are common to both areas,
mercury of geological origin and mercury from airborne fallout.
Analyses of soils adjacent to the respective lakes indicate that the
average concentration of mercury is 0.1 mg/kg, but the soil has been
contaminated with airborne fallout that is indistinguishable from the
mercury of geological origin. Degassing from the earth's crust is one
natural source of mercury to the atmosphere. Weiss, Koide, and
Goldberg (1971) suggest that the rate of this process has been
increasing since 1952 because such activities as agriculture, landscape
alteration, and mining enable the element to escape more readily.
The accuracy of their estimates for this increase has been questioned,
however (Dickson, 1972). Since the actual flux of the mercury
contamination cannot be determined, the contribution to each lake
must be a combination of the geological content of the soil in the
drainage area and the nonpoint discharges to the atmosphere from
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coal-burning power plants, industrial operations, and incinerators.
The most plausible source of most of the mercury is airborne fallout.

Areas near fossil-fuel power-generating plants and other indus-
tries may receive much more atmospheric fallout than more isolated
areas. Klein (1972) traced localized fallout patterns to asphalt plants,
and Hyder (1971) postulated that 1 to 3.5 tons of mercury was
translocated from the Four Corners Electric Power Plant into Navajo
Lake over the 8-year period from 1963 to 1971. In this case
precipitation was the primary translocation mechanism. McCarthy
et al. (1970) reported that the air at one site contained 20 ng Hg/m3,
but after a rainstorm no mercury could be detected. Several
investigators (Stock and Cucuel, 1934; Ericksson, 1967: Brune,
1D69) have detected an average of ~0.2 fig Hg/liter in rainwater. The
annual airborne mercury contribution to both areas was estimated
with this figure and the average precipitation (80 cm/year for the
Lansing area and 88 cm/year for the Kalamazoo area; these are
29-year averages from the National Weather Service). On this basis,
Lake Lansing would receive 290 g of mercury, and its watershed
would receive 1406 g Hg. Wintergreen Lake would receive 28 g Hg
and its watershed, 379 g Hg. This represents a substantial annual
source of mercury contamination, and other additions are also
probable from localized fallout.

The airborne fallout patterns over the two lakes have striking
similarities; both are located downwind from major industrial areas.
Wintergreen Lake is northeast of Kalamazoo, and Lake Lansing is
northeast of Lansing and East Lansing (Fig. 1). For the Lansing area
a 22-year summary from the National Weather Service showed the
prevailing winds to be from the south—southwest from December to
February, from the west from March to May, and from the south
from May to November. A 12-year summary showed an average wind
speed of 16 km/hr. No meteorological data were available for the
Kalamazoo area, but, because the lakes are located less than 96.5 km
apart, the same general wind speed and direction would be expected.
In each case, mercury can be released into the atmosphere by the
burning of fossil fuels or by any other incineration in the large
metropolitan areas of Kalamazoo and Lansing. Then the mercury is
washed out and translocated into the lakes. Added to the contribu-
tion calculated from the precipitation of background levels of
mercury in the atmosphere, this would be sufficient to explain the
similar high mercury levels in both lakes. Moreover, as the United
States relies more on coal for power generation, more mercury is
likely to be released to the aquatic ecosystems surrounding the
power plants.
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Coleoptera, ' 37Cs in, 733
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levels, 658-670
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of 99Tc in plant seedlings, 550-566

Conductance, of surface waters,
369-380
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of, 156

Coniferous Forest Biome, 72
Consumer

effects on nutrient transfer in
terrestrial systems, 98-99

trace element accumulation in,
34-58

Consumption weed (see Baccharis
halimifolia)

Contamination
See also Pollution
of animals by radionuclides,

673-680, 682-689, 725-736
of plants

by metals, 34-58, 207-219,
329-345, 383-392, 568-580,
628-630, 637-643, 691-698

by radionuclides, 275-287,
313-327, 538-548, 550-566,
622-626, 725-736

of soil
by radionuclides, 313-327,

462-476, 495-503, 550-566
by transuranium nuclides,

275-287, 403-415, 479-493,
622-626

of soils and sediments by metals,
34-58,207-219, 329-345,
383-392, 417-431, 434-444,
446-459, 504-514, 568-580,
637-642, 658-670

of waters by metals, 182-194,
365-380, 866-877

Cooling towers, environmental
impacts of, on agricultural
ecosystems, 329-345

Coontail (see Ceratophyllum
demersum)

Copepods, 848
Copper

chelated, in bush bean, 653
cycling index of, 154-157
cycling through herbivores,

102-104
cycling in tropical rain forests, 4
enrichment factors for aerosols and

fly ash, 43
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sediments, 434-444
in fly ash, 243-249, 388, 513
in fly-ash-contaminated soil, 391
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448-449
in soil, extractability of, 504-514
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stability in water samples, 237
in tall fescue, 641
toxicity to lettuce, 582-588
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Corn (see Zea mays)
Cornus canadensis, 825
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Creosote bush (see Larrea tridentata)
Cricket (see Gryllidae)
Crops (see Agricultural crops)
Crude oil

effects on carbon assimilation by
algae, 833-848

environmental impacts of, 590-602
loss of toxic compounds from, 844

Crytophyta, 833-848
Curium

analytical technique for, 275-287
in biological samples, 275
242Cm, in soil, 403-415

Cyanophyta, 842-843
Cycling
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434-444
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of nutrients

in an arctic tundra ecosystem,
738-751
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ecosystems, 691-698

in tropical rain forests, 4
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79-91
nutrient transfer via, 5
of organic compounds in tundra

soils, 532
of organic matter, 79-83, 779-789
predicted rates of, 789
rates, for leaf litter in mixed-

hardwood forest, 796
of rocks, in relation to cesiujr.

release to the environment,
347-363

in tundra, 590-602, 738-751,
754-775

Deer, white-tailed (see Odocoileus
virginianus)

Desert
cycling of elements in, 43-50,

383-392, 725-736
ecosystems, trace elements in,

34-58, 383-392
fly ash contamination of soils and

vegetation of, 34-58, 383-392
Design and sampling studies, 3-31,

196-204, 253-263, 691-698
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Detritivore
cadmium in, 658-670
role of, in cycling studies, 95-108

Diameter-at-breast height (DBH),
relationship of, to elemental
contents of pine trees, 817-831

Dinoflagellata, 845
Diptera, ' 37Csin, 733
Disposal (see Waste disposal)
Dog fennel (see Eupatorium

compositifolium)
Dose

estimates of radiation, to aquatic
biota, 851-864

to man, from radionuclides released
from nuclear fuel cycle facilities,
863

response of lettuce to heavy
metals, 582-589

Douglas fir (see Pseudotsuga
menziesii)

Dupontia fisherii, 590
Dust

as carrier of pollutants, 347-363
particulates, from cooling towers,

329-345

Eagle Creek, Alaska, 738-751
Ecosystem

agricultural field, 329-345,
495-503, 628-636, 637-643

Alaskan tussock tundra, 738-751
aquatic, 851-864

mercury in, 182-194
arctic pond, 833-849
coal-ash basin, 658
coastal arctic tundra, 590-602
concept of, 1
desert, 34-58, 383-392
Douglas fir forest, 72-91, 801-815

nitrogen cycling in, 72-91
estuarine, 434-444
eutrophic lake, 866-877
floodplain, 426-476, 446-459,

709-722
geothermal area, 365-380
jack pine forest, 817-831
mineral-cycling index for, 138-164
mineral-cycling theory for, 59-71
mixed-hardwood forest, 790-799
models, 59-63, 95-108, 154
natural, 72-91

old field, 605-620
perturbed, 72-91
rabbit brush, 725-736
radionuclides in old field and

forest, 313-327
rock—soil—water, 347-363
sediment—water, 417-431
subalpine, 691-698
terrestrial

decomposition of organic matter
in, 779-789

energy flow and mineral cycling,
95-108

tropical rain forest, 1-6
tundra, arctic, 59-70
wet tundra, 516, 754-775

Edaphic factor
See also Soil
relationship to ' 7Cs distribution

in floodplains, 462-476
Electrical conductivity

effect of fly ash on soil, 511
of fly ash, 571, 639
of soils, 341

Electrochemistry, 221-230
Electrodes, ion-selective, 221-230
Electron microbeam technique, as

analytical technique in soil flora
and fauna, 265-272

Electrostatic precipitators, fly ash,
composition of, 244

Encelia farinosa, 40-41, 383-392
Energy flow

cycling indexes of, 156-157
definition of, 1
in ecosystems, 1

modeling techniques for, 138-162
in herbivores, 95-108

Energy-related studies, 34-58,
95-108, 240-252, 275-287,
290-298, 329-345, 365-380,
383-392, 4^-415, 479-493,
504-514, 538-548, 550-566,
568-580, 590-602, 622-626,
637-643, 645-655, 658-670,
709-722, 725-736, 833-848,
851-864

English channel, cycling index of,
156-157

Epigaea repens, 825
Eriophorum angustafolia, 590, 746
Eriophorum vaginatum, 739

growth models of, 171-179
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Erosion
effects on ' 3 7Cs distribution in

soil, 495-503
role of, in mineral cycling in

Douglas fir forest, 801-815
Eskimos, cesium levels in, 62-65
Esox lucius, mercury in, 866-877
Estuary

brackish, and cooling-tower effects,
329-345

light-water reactors and, 858
sediments of, 434-444, 446-459

Eupatorium compositifolium, 40-41
Eurhynchium oreganum, 83-91, 802
Europium, ' 5SEu, in litter and soils,

320-322
Evapotranspiration,783-784,779-789
Exposure rates, radiation,

measurement of, 300-312
Extractability

of copper from sediments, 434-444
of phosphorus from tundra soils,

516-534
of plutonium and curium from

soils, 403-415

Fallout
and cesium levels in food chains,

59-70
as source of ! 3 7Cs, 495-503,

673-680, 682-689, 709-722
as source of nutrients, 102-104

Feees
deposition of nitrogen and

phosphorus by, 748
of herbivores in cycling processes,

102-108
of insects, role of, in organic

material flow, 797
of lemmings, relations to tundra

soil fertility, 533-534
of waterfowl, effects on lake, 875

Fescue, Kentucky (see Festuca
arundinacea)

Festuca arundinocea, 329-345,
637-643, 667

arsenic in, 207-219
broiler-litter applications on,

207-219
Fetus, deer, levels of calcium and

radionuclides in, 682-689

Fiddleneck (see Amsinckia tessellata)
Fir, Douglas (see Pseudotsuga

Kienziesii)
Kire, impact of, on nutrient cycling

in pine forests, 817-831
Fish

dose estimates for, 851-864
mercury in, 866-877
radiation dose to, 851-864
temperature and retention times

of, 19-20
Fission products, from nuclear

industry, 291-292, 674, 851-864
Fission track counting, 253-263
Floodplain

distribution of ' 37Cs in, 462-476,
709-722

trace metals in, 446-459
Flow (see Energy flow)
Fluorine

in fly ash, 243-249, 513
volatilization from coal

combustion, 53
Flux, of ' 3 7Cs in floodplain forest,

719
Fly ash

from coal-fired power plant, 34-58,
240-252, 383-392, 504-514,
568-580, 637-643, 658-670

deposition on plant leaves,
386-390

effects on desert soils and plants,
383-392

effects on plant chemical composi-
tion, 568-580, 637-643, 658-670

effects on soil chemistry, 504-514,
568-580, 637-643, 658-670

elemental analyses of, 240-252
solubility or elements in, 240-252
utilization in agriculture, 504-514,

568-580, 637-643
Food chain

aquatic, estimated human body
dose from, 851-864

cadmium in corn, 628-636
cadmium dynamics in, 658-670
cesium in, 62-65
contamination of, from cooling

tower, 329-345
contamination by metal aerosols,

691
of detritivores, 96
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entry of toxic metals into, 417
of herbivores, 96
lichen—caribou—Eskimo, 62-65
metals in, 582-589, 645-655
potential transport of plutonium

in, 622
radionuclides in deer, 682-689
studies, 59-70, 182-194, 207-219,

329-345, 394-402, 538-548,
550-566, 568-580, 582-589,
622-626, 628-636, 637-643,
645-655, 658-670, 673-680,
682-689, 725-736, 851, 864,
866-877

99Tc in, 538-548, 550-566
trace elements in, 568-580. 645

Food crops (see Agricultural crops)
Forest

calcium cycling in, 139, 141,
605-620,801-815,817-831

calcium cycling index, 154-156
cesium cycling in, 474, 497-502,

668, 700-707, 709-722, 790-799
cobalt cycling index, 156-159
coniferous, 59-70, 155-157,

801-815, 817-831
copper cycling index, 155-156
cycling of minerals in, 3, 43-50,

605-620, 790-799, 801-815,
817-831

deciduous, 34-58,128-137,
154-157, 495-503, 720,
784-787, 790-799

Douglas fir, 154-156
Duke pine, 154-156
fertilization of, 802, 814, 818
floodplain, cycling of ' 3 7Cs in,

709-722
floor, movement of calcium,

phosphorus, and potassium in,
801-815

hardwood, potassium cycling index
for streams near, 155

Hubbard Brook, 139-140, 152-153,
159-160

iron cycling index, 154-155
lead cycling index, 155
lead deposition in subalpine,

691-698
magnesium cycling in, 605-620,

817-831

manganese cycling index, 154-155
mineral cycling index, 154-156
nitrogen cycling in, 72-91,

128-137, 154-156,817-831
nitrogen cycling index, 155
nutrient modeling techniques for,

121-137
organic matter budget in

hardwood, 790-799
phosphorus cycling in, 801-815,

817-831
phosphorus cycling index, 154
pine, potassium cycling index for

streams near, 155
potassium cycling in, 605-620,

801-815,817-831
potassium cycling index, 154
productivity, effects of nitrogen

on, 72-91
Puerto Rican rain, 139, 152-153,

796
radiological survey of, 305
scrub oak, 313-327
sodium cycling index, 155-156
soils, nitrification in, 72-91
strontium cycling index, 155
structure, effects of nitrogen on,

72-91
studies, 1-6, 72-91,'152-156,

313-327, 605-620, 691-698,
79C-799, 801-815, 817-831

subalpine, 691-698
trace elements in, 34-58
tropical, 4, 103, 154-159, 618,

796, 798
water cycling index, 156
zinc cycling index, 156

Fossil fuel
See also Coal, Oil
for generating power, environ-

mental impact of, 34-58,
383392

as potential source of heavy metal
in the environment, 34-58,
240-252, 504-514, 568-580,
637-643, 866-877

for power plants, 34-58, 329-345,
383-392

as source of sulfur in rainwater,
394-402

studies, 34-58, 240-252, 290-298,
383-392, 394-402, 504-514,
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568-580, 590-602, 637-643,
658-670, 833-848

Four Corners Power Plant
environmental effects, 41
trace-element release, 37, 876

Fraxinus caroliniana, 710, 713, 720
Fuel

fabrication, radionuclides release
from, 857-862

reprocessing, radionuclide release
from, 858-859

Fuel cycle
See also Nuclear fuel cycle
as source of transuranium nuclides,

275
Fungal hyphae. role in retention of

radiocesium in leaf litter, 700-707
Fungi

mycorrhizal, 3, 617
role of, in decomposition and

mineral release in tundra,
590-602,754-775

soil, analysis of elements in, 271

Gadolinium, in natural waters, 258
Gallium, in fly ash, 39-58, 243-249
Gamma-ray spectrometer, 496-497

measurement of gamma emitters
by, 313-327

measurement of natural radiation
by, 300-312

measurement of 2 ' °Pb in air
filters by, 290-298

Gaultheria procumbens, 825
Gautttieria shallon, 83, 802
Genon, 143-162
Geology

of geothermal areas, 365-380
as related to movement of cesium

and metals, 347-363
Geothermal energy, environmental

impacts from, 290-298, 365-380
Germanium

from coal combustion, 39-58
in fly ash, 243-249

Glycine max, 329-345, 401, 538,
550, 648

Gold
ions, as stabilizing agent for

mercury. 232-239
in natural waters, 258

Goldenrod (see Solidago)

Gossypium kirsutum, 401
Granite, cesium and metals ir.

weathering of, 347-363
Grasshoppers (see Acrid idae)
Grassland, mineral cycling index for,

154
Gray rabbit brush (see

Chrysothomnus nauseosus)
Grazing

effects on terrestrial plant
productivity, 95-108

by lemmings in arctic tundra, 66-70
by rodents in tussock tundra, 742
by zooplankton in arctic ponds,

848
Groundwater

in geothermal area, 365-380
metals in, 347-363, 645-655
movement in tussock tundra soils,

738-751
pollution potential, from coal

combustion, 240
Gryllidae, 661

Hanford Reservation, 725-736
Heavy metals

See also individual metals
from aerosol, 34-58, 383-392,

691-698
from coal ash, 34-58, 240-252,

383-392, 504-514, 568-580,
637-643, 658-670

in fish, 866-877
in lakes, 866-877
in plants, 34-58, 207-219, 383-392,

568-580, 582-589, 628-636,
637-643, 645-655, 658-670,
691-698

in sediments, 182-194, 417-431,
434-444, 446-459, 866-877

in soils, 34-58, 207-219, 383-392,
568-580, 639-643, 658-670

studies of, 34-58, 182-194,
207-219, 232-238, 240-252,
253-263, 290-298, 383-392,
417-431, 434-444, 446-459,
504-514, 582-589, 628-636,
637-643, 645-655, 658-670,
691-698, 866-877

in terrestrial food webs, 182-194,
253-263, 658

in waters, 866-877
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Herbivores
in arctic, radiocesium in, 673-680
cadmium in insect, 658-670
change of nutrient spatial

distribution by, 95-108
of cold desert community,

radiocesium levels of, 725-736
control of cycling water by, 99-108
role of, in tundra cycling, 95-108

Heterotheca, 606, 660-669
Hickory (see Carya glabra)
High Sierra, Calif., 691-69S
Hoagland solution, 550
Holon, in cycling models, 144-162
Homoptera, ' 3 7Cs in, 733
Hordeum vulgare, 329-345, 550-563,

645
Hubbaid Brook, cycling index for,

154-156
Humus, cesium in, 360-361
Hydrogen ion, in soils during plant

succession, 616
Hydrolysis

effect on radionuclide sorption by
soil, 412

effects on mercury transformation
in aquatic systems, 182-194

Hylocomium, 83-91
Hymenoclea salsola, 46-47
Hymenoptera, ! 3 7Cs in, 733

Ictalurus natalis, mercury in,
866-877

Ictalurus nebulasus, mercury in,
866-877

Indigobush (see Dalea fremontii)
Insects

desert, radiocesium levels in,
725-736

effects of, on mineral cycling, 107
International Biological Program (IBP)

Coniferous Forest Biome, 72
Tundra Biome, 62, 518, 592, 755,

834
Interstitial waters, copper in, 434-444
Invertebrates

See also specific genera
aquatic, radiation dose to, 851-864
cadmium in, 664
1 3 7 Cs in, from liquid-waste

disposal, 725-736
dose estimates for, 851-864

Iodine, bioaccumulation of, 861

Ion
competition with technetium

uptake by plants, 538-548
concentrations in soils, 72-91
concentrations in waters, 365-380
ratios for creek and spring waters,

375
Ionization, effect on radionuclide

sorption by soil, 411-412
Iron

cycling index in rain forests,
154-156

cycling through herbivores,
102-104

cycling in tropical rain forest, 4
enrichment factors in aerosols and

fly ash, 43
in fly ash, 243-249, 388, 507
in fly-ash-contaminated

brittlebush, 392
in fly-ash-contaminated soil, 391
loss to container walls, 255
in natural waters, 258
in vegetation, 383-390, 392, 641

Iron hydroxide, as adsorbate for
zinc in sediments, 417-431

Iron oxide
as adsorbate for zinc in sediments,

417-431
effect on plutonium and uranium

cxtractability, 403-415
Iron phosphate, in tundra soils,

516-534
Isopleths, of leaf-litter decomposi-

tion for the United States, 786
Isotope dilution

analysis, of transuranium nuclides,
275-287

analytical technique for metals,
347-363

mass spectrometry, 237
measurement of metal input in

subalpine ecosystem, 691-698
spark-source mass spectrometry,

237
thermal-source mass spectrometry,

237
Isotopic ratios

of lead, as ecological sampling
technique, 42

of plutonium in soil—plant uptake
studies, 625-626
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Jack pine (see Pinus banksiona)
Juniperus virginiana, 734

Kalmia ongustifolium, 825
Kaolinite

clay mineral, 414, 452
in flood plain and marsh sediments,

447-452
Kinetic

of plutonium sorption by soils,
479-493

of radioeesium in wolves and other
carnivores, 673-680

of 9 9Tc sorption by soils, 550-566
Krameria grayi, 46-47

Lactucasativa, 568-580, 582
Lakes

cedar bog, calorie cycling index in,
156

glacial, and ' 37Cs redistribution,
495-503

mercury in, 192-194, 866-877
mineral cycling index for, 155
trace elements in water of, 253-263

Largemouth bass (see Microptems
salmoides)

Larrea tridentata, 45-47
Laurel oak (see Quercus laurifolia)
Leachates, relationships of soil to

uptake of phosphorus, potassium,
and calcium by trees, 801-815

Leaching
of Cs from leaves and litter,

709, 725-736
of elements from fly ash, 637-643
following waste-water irrigation,

78-79
of metals, effect of chelating agent

on, 645
of nitrogen, in forest soils, 72-91
of nutrionts in arctic tundra,

738-751
of organic matter from tree

canopy, 790-799
Lead

in aerosols, 290-298, 691-698
in air filters, 290-298
atmospheric release of, from coal-

burning power plants, 37
chelated, in barley, 653
cycling indexes of, 154-157

deposition on plant leaves, 691-698
enrichment factors for aerosols

and fly ash, 13
in fly ash, 243-249, 388-390, 513
in marsh and river sediments,

448-449
210pb

in aerosols, 290-298
uptake by beans, 654

2 1 4Pb
in litter and soils, 322
in soils, 308
stability in water samples, 237

in plants near power plants, 47
stability in water standard,

232-238
Leaf area index, of hardwood tree

species, 792
Leafhoppers (see Cicadellidae)
Ledum palustre, growth models of,

171-179
Lemmings, 65-70, 102-105, 533
Lepidoptera, ' 37Cs in, 733
Lepomis cyanellus, mercury in,

866-877
Lepomis gibbosus, mercury in,

866-877
Leptaloma, 606
Lespedeza, 606
Lesula confusa, 590
Lettuce (see Lactuca sativa)
Lichens

absorption of radioactivity by,4-5
?esium levels in, 62-65
<s food for reindeer and caribou,

674
radionuclides in, 673-680
in tundra food chain, 62-70

Ligands, and complexation of
copper, 434-444

Lime, compared with fly ash,
504-514

Liquidambar styraciflua, 710
Lithium, in fly ash, 243-249
Litter

as cadmium sink in terrestrial
systems, 658

conifer, in Douglas fir forest,
801-814

coniferous, 691-698, 785, 801-815,
,817-831
I 3 7Csin, 732
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of desert plants, 137Csin, 725-736
dynamics of ' 34Cs in, 700-707
forest, nutrients in, 817-831
gamma emitters in, 324
leaf, predicted decomposition

rates, 779-789
nutrient content of, in jack pine

forests, 817-831
pine, lead in, 691-698
poultry, 207-219
production, total in mixed-

hardwood forest, 795
radionuclide contents of, 313-327
turnover, in mixed-hardwood

forest ecosystem, 790-799
Litterfall

losses of nutrients in conifer,
801-815

in mixed-hardwood forest, 790-799
and nitrogen availability, 72-91
nutrient transfer via, 5
pathway of ' 3 7 Cs in floodplain

forest, 709-722
in successions! stands, 605

Livestock
arsenic uptake by, 207-219
grazing by, 99-105

Loblolly pine (sec Pinus taeda)
Lodgepole pine (see Pinus contorta)
Los Angeles, Calif., radionuclides in

air of, 296-298
Lower Three Runs Creek, 462-476
I yngbya, 841-848
"'jysimeters, nutrient collection by,

81, 605-620

Magnesium
in bacteria, 271
from coal combustion, 36-58
in crops, 342-343
cycling index in tropical forest,

154-156
cycling through herbivores,

102-104
cycling in tropical rain forest, 4
in fly ash, 240-252, 388, 507
in fly-ash-contaminated brittlebush,

392
in fly-ash-contaminated soil,

243-251, 383-392, 507-514,
568-580

in forest litter and soils, 817-831

in forest understory, 817-831
in fungi, 271 x

in jack pine trees, 817-831
in natural waters, 232-238,

365-380
in soils, 271, 341,383-392,

504-514, 568-580, 605-620
stability of, in water samples,

232-238
in surface waters, 371
uptake during plant succession,

605-620
in vegetation, 335-344

Magnolia grandifotia, 793
Maianthemum canadense, 825
Manganese

atmospheric release of, from coal-
burning power plants, 37-58

chelated, plant uptake of, 645-655
cycling index in rain forests,

154-156
in cycling models, 139-140, 162
cycling through herbivores,

102-104
cycling in tropical rain forests, 4
effect of, on technetium uptake,

538-548
in fly ash and soils, 243-249,

388, 504-514
stability in water samples, 237
in Swl?s chard, 575-576
in tall fescue. 641
toxicity to lettuce, 582-589

Manganese hydroxide, as adsorbate
for zinc in sediments, 417-431

Manganese oxide
as adsorbate for zinc in sediments,

417-431
effect on plutonium and curium

extractability from soils, 403-415
Maple, red (see Acer rubrum)
Marsh, salt (see Salt marsh)
Mass balance

for mercury, model of, 186-194
of nutrients in a watershed,

347-363
Mass flow, of water, from geothermal

area, 365-380
Medicago sativa, 4S7-502, 638, 642
Mercury

adsorption onto aquatic
particulates, 874
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in aquatic biota, 866-877
in aquatic systems, 182-194
atmospheric release of, from

coal-burning power plants, 37-58
effects on leaching of radiocesium

from oak leaf litter, 700-707
environmental contamination by

atmospheric washout, 866-877
in fish, 866-877
in lakes, 866-877
relationship to fish body weight,

872
in sediments, 182-194, 866-877
stability in water samples, 232-238
stabilization by gold ions, 232-238
volatilization from coal combustion,

53
in water, 182-194, 232-238, 866-877

Metal
See also Heavy metals, Trace elements
availability to plants, 383-392, 434-

444, 568-580, 582-589, 637-643,
645-655

heavy, toxicity of, 582-589
ligands of, 434-444
ratios in various ecosystem compo-

nents, 353-363
transport in plants, as influenced by

chelating agent, 645-655
Mica, as source of cesium, 347-363
Michaelis constant, 613
Microfauna, elemental analyses of,

265-272
Microflora

elemental analyses of, 265-272
in litter, role on retention of radio-

cesium, 700-707
in tundra soils, 754-775

Micropterus salmoides, 871-876
Microscope (see Electron microbeam

technique)
Microtopography, effects on ' 3 7Cs

distribution in floodplains, 462-476
Mineral

See also individual nutrients or
elements

cycling index for aquatic and
terrestrial ecosystems, 154-156

geologic, as source of metals, 347-
363

release in wet meadow tundra, 754-
775

retention, radiocesium dynamics in
oak leaf litter, 700-707

transport in roots, effects of oil
perturbation on, 590-602

Mississippi River sediments, 417-431
Model

compartment, 138-162
of decomposition rates in terrestrial

biomes, 779-789
design methodology, 8-31
of ecosystem processes, 59-70, 95-

108
of ecosystems, cycling indexes for,

154-156
evaluative, for mercury, 182-194
linear compartmental flow, lumping

in. 121-137
of mercury cycling in aquatic

systems, 182-194
of nutrient cycling, 59-70, 95-108,

113-120, 121-137, 138-162, 165-
179, 182-194, 754-775, 779-789

of nutrient flows in fir forests,
72-91,812-815

as paradigm for cycling studies,
113-120

of plant biomass and nitrogen
dynamics in fir forest, 86-88

of radiation dose to aquatic biota,
851-864

of radiocesium dynamics in oak
leaf litter, 700-707

of radiocesium kinetics in carnivores,
673-680

simulation, of plant growth, 165-179
of K<)Sr in plants and rabbits, 20-27
studies, 1-31, 72-91, 95-108, 121-

137, 138-162, 165-179, 182-194,
754-775, 779-789

of trace elements in ecosystems,
8-31

of tundra soil processes, 754-775
Mohave Generating Station, environ-

mental effects on soil and plants, 41
Moisture

See also Water
effects on nitrification, 77-91
effects on nutrient cycling in Douglas

fir forest, 801-815
soil, effects on oil perturbation,

590-602
of tundra soils, 524
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Molybdenum
from coal combustion, 39-58
effect of, on technetium uptake,

538-548
in fly ash, 240-252, 388-390, 513
in marsh and river sediments, 448-

449
in natural waters, 258
in plants, 568-580, 642-643

Moose, radiocesium body burdens of,
673

Moss (see Eurhynchium oreganum,
Hylocomium)

Mouse, pocket (see Perognathus
parvus)

Muscle
caribou, ' ' 7 Csin, 63-70
deer, ' 3 7Cs and 4 0 K contents of,

682-689
fish, mercury in, 866-877
wolf, radiocesium burden of, 673-

680
Muskgrass (see Cham)
Mycorrhizae, 3, 591, 617, 791
Myrica cerifera, 660-669
Myriophyllum, 868
Myrtle, wax (see Myrica cerifera)

Najas flex His, 869
National Bureau of Standards (NBS),

reference materials for environmental
sampling, 202

Natural radiation, in situ measurement
of, 300-312

Natural waters, NBS standard for
multi-element analysis of, 232 238

Needles,
of fir, and nitrogen cycling, 81-91
lead deposition on conifer, 691-698

Neptunium, methods of analysis for,
275-287

Net productivity
during successional stages, 614
of leaves and twigs, in a mixed-

hardwood forest ecosystem, 790-
799

Neutron activation analysis
of natural water, 253-263
use in NBS water standard verifica-

tion, 237
Nevada Test Site, 20-27, 651
New Brunswick, Canada, 817-831

Nickel
from coal combustion, 39-58
chelated, in crops, 645-655
in fly ash, 243-249, 383-390, 513
toxicity to lettuce, 582-589

Nicotiana tabacum, 329-345
Niobium, 9 sNb in litter and soils,

320-322
Nitrification, in forest soils, 72-91
Nitrogen

allocation of, in tundra plant life-
forms, 165-179

in ammonium form, 72-91
in broiler litter, 207-219
cycling in Douglas fir forest, 72-91
cycling in forest ecosystems, 72-91,

151,817-831
cycling index in oak—hickory forest,

154-156
cycling index in pine forests, 154-156
distribution in Alaskan tussock

tundra, 738-751
and fertility of tundra soils, 534
in fly ash, availability to plants, 638
in forest litter, 817-831
in forest, soils, 72-91, 817-831
in forest understory, 817-831
hypothetical model for cycle of, in

environment, 114
influence on plant productivity and

forest structure, 72-91
in jack pine forest. 817-831
leaching in forest soils, 72-91
as limitation to tundra plant

productivity, 517
mineralization in forest soils, 79-83
model of, in hardwood forest, 129-

137
nitrate form of, 72-91
organic forms of, 72-91
overstory dynamics of, 81-83
oxides of, from coal combustion,

34-58
in pasture fertilization, 207-219
in plants, 165-179,817-831
release from simulated decomposi-

tion in wet-meadow tundra, 754-
775

in soil, modeling techniques, 121-
137

syncrgistic effects on arsenic
toxicity, 218
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total
in arctic red alder ecosystem, 743
in grasslands, 743
in oak forest, 743
in subalpine Douglas fir forest, 743
in subalpine red alder forest, 743
in tussock tundra, 743
in wet-meadow tundra, 743

transfer and cycling in forest
ecosystem components, 81-86

L-ansfer among system components,
72-91

transformation in soil profile, 72-91
in tundra soil profiles, 741
understory dynamics of, 83-85

Nonpoint discharge sources, releases
of mercury from, 866-877

Northern pike (see Esox lucius)
Nuclear fuel cycle

radionuclides from, released to
aquatic environment, 290-298,
851-864

radionuclides from, released to
atmosphere, 861

as source of ' ' 7Cs, 462
as source of plutonium in environ-

ment, 479, 622
as source of radionuclides, 645
as source of 9<JTc, 538-548, 550-

566
transuranium nuclides from, 275-

287
Nuclear industry, effects on natural

radiation, 313-327
Nuclear wastes, environmental impact

of, in disposal crib, 725-736
Nuclear weapons

detonation of, as source of 2 ' °Pb,
291

testing, as source of radionuclides,
275,674

Nuphar advena, 868-869
Nutrient

See also individual nutrient elements
analogs in plant nutrition, 538-548
availability to plants, 329-345,

394-402, 568-580, 801-815,
817-831

budget in forest ecosystem, 801-
815,817-831

conservation, role of mineral
cycling in, 801-815

culture, plant uptake of radio-
nuclides, 538-548

cycling models in ecosystems,
95-108, 113-120, 121-137, 138-
162

fecal, availability to plants, 102-104
flux during plant successional

stages, 614
loss from tundra soils caused by

perturbation, 744
paradigm for cycling of, 113-120
recovery, hypothesis of, 65
redistribution in soil by herbivores,

104-105
solutions, uptake from, in terrestrial

systems, 605-620
transport in roots in plant succes-

sional stages, 605-620
uptake studies, 72-91, 95-108, 165-

179, 329-345, 394-402, 516-534,
568-580, 582-589, 605-620, 637-
643, 645-655, 738-751, 801-815,

-817-831
Nyssasylvalica, 710, 713, 720

Oaks (see Quercus sp.)
Oats (see Avena saliva)
Ocean, cycling index for, 154-156
Odocoiteus virginianus, 682-689
Oil, crude

effects on tundra root respiration,
590-602

photodecomposition of, 844
spills in arctic ponds, 833-848

Old field
radiological survey of, 305, 313

327
succession, nutrient uptake during,

605-620
Organic carbon

in bay sediments, 437
effects on plutonium and curium

extractability from soils, 403-415
Organic mat

removal of, effects on nutrient
cycling in tussock tundra, 748

in tundra soil model, 66
Organic matter

decomposition of, in terrestrial
ecosystems, 779-789

dynamics of
in fir forest, 72-91
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in mixed-hardwood forest,
790-799

effects on plutonium and curium
extractability from soils, 403-415

effects on plutonium movement in
soils, 486-493

flow mode! in ecosystems, 95-108
in forest soils, 72-94, 605-620,

817-831
in salt-marsh and floodplain sedi-

ments, 448-450
in sediments, effect on copper

solubility, 434-444
in soil during plant succession, 616
in soil, nitrogen and phosphorus

in, 738-751
in soils and ' •''Cs distribution,

462-47G
in tundra soils, 66-70, 516-534,

740-742, 754-775
Orthoptera, ' 37Cs in, 733
Oscillatoria, 846
Ostrya virginiana, 797
Oxidation—reduction potential

(see Redox potential)
Oxides of iron and man"inese, effects

on extractability of radionuclides
in, 682-689

Oxygen
in arctic ponds, 836-848
chemical demand for, as estimator

for organic matter in rainfall
samples, 792

Oyster beds, calorie cycling index
of, 156-157

Par Pond, 710
Paradigm

cybernetic, in nutrient cycling,
113-120

of decrease in nutrient uptake
during succession, 605

definition of, 113
dynamic, in nutrient cycling, 113-

120
for energy flow through ecosystems,

95-96
inventory, in nutrient cycling,

113-120
for nutrient cycling, 113-120
studies, 1-fi, 59-70, 95-108, 113-

120,605-620, 790-799

Pedon, ' ' 7Cs in soil, 495-503
Perca flavescens, 866-877
Perch, yellow (see Perca flavescens)
Perognathus parvus, 111
Pertechnetate ion, 538-548

See also Technetium
PH

of arctic ponds, effects of oil upon,
836-848

of creek and spring waters, 371
determination in environmental

samples, 222-225
effects of

on metal fixation in sediments,
417-431

on plutonium diffusion in soils,
488

on plutonium extractability from
soil, 403-415

on solubility of trace elements in
fly ash, 240-252

on storage of trace elements,
253-264

on trace-element adsorption by
container walls, 253-263

on trace-element extractability,
240-252

on water-soluble trace elements in
fly ash, 388

electrode, 221-230
of fly ash, 571
of precipitation, 339-340
of soil, 72-91, 329-345, 403-415,

469-476, 479-493, 504-514,
516-534, 568-580, 605-620,
637-643, 645-655

effects on chelate stability, 645
effects of fly ash on, 504-514, 641

of water, 365-380
effects on mercury transforma-

tion, 182-194
Phascolus vulgaris, 645-655
Phlopm, mobility of radionuclides

through, 538-548, 811
Phosphorus

adsorption by soils, 504-514
in crops, 342-343
cycling

through herbivoies, 102-104
in tropical rain forests, 4
in tundra, 66-70

cycling index in rain forest, 154-156
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deficiency in plants, 504-514
distribution in Alaskan tussock

tundra, 738-751
extractability from fly ash, 511
flo'' in tundra ecosystems, 66
in fly ash, 243-249, 388
in fly-ash-contaminated desert

plants, 392
in forest litter, 817-831
in forest understory, 817-831
in jack pine tr.-js, 817-831
in lettuce, 575
as limitation to productivity in

arctic ponds, 839
losses from plants, 3, 103
' "P, cycling in Douglas fir

forest, 801-815
in plants, 65-70, 165-179, 335-

345, 392, 568 580, 817-831
release from simulated decomposi-

tion in wet-meadow tundra,
754-775

release from tundra soils, 69,
754-775

in soil solution, 65
in soils, 341, 504-514, 516-534,

738-751, 801-815, 817-831
in Swiss chard, 575-576
total, in ecosystems, 738-748
in tundra soils, 516-534
uptake during plant succession,

605-620
Photosynthesis

See also Productivity
as affected by plant—water rela-

tions, 168-169
effects of oil spill on, 833-848

Phytoplankton, effects of crude oil
on, 833-849

Pickerelweed (see Pontederia)
Pignut hickory (see Carya glabra)
Pike, northern (see Esox lucius)
Pinus banksiana, 817-831
Pinus contorta, 691-698
Pinus echinata, 606
Pinus palitstris, 606
Pinus taeda, 797, 818, 825, 828
Placenta, deer, calcium and radio-

nuclides in, 682-689
Plankton, effects of oil on, 833-848
Plants

See also Agricultural crops, Trees,
Vegetation, individual plant
species

agricultural, 207-219, 329-345,
394-402, 538-548, 550-566,
568-580, 582-589, 622-626,
628-636, 637-643, 645-655

aquatic, 833-848, 851-864
chemical analyses for, 196-204,

207-219, 221-230,275-287
communities of, nutrient uptake

in, 605-620
consumption by herbivores,

100-108
contamination of, 34-58, 329-345,

383-392, 453-459, 538-548,
550-566, 590-602, 628-636,
637-643, 645-655, 658-670,
691-698,725-736,833-848

desert, 34-58, 382-392, 725-736
effects of technetium on phys-

iology of, 500-566
forest, 1-6, 72-91, 313-327, 605-

620, 691-698, 709-722, 801-815,
817-831

forms of, allocation of nutrients in

different 165-179
modeling of 89Sr cycling in, 20-27
net primary production of, 67,

72-91
nutrient availability to, 329-345,

394-402, 568-580, 801-S15,
817-831

effect of compaction on, 738-751
effect on decomposition rates in

wet-meadow tundra, 754-775
old field, 313-327, 605-620
potential effect of fly ash on, 34-

58, 383-392, 504-514, 568-580,
637-642,658-670

removal of, effect on nutrient
cycling in tussock tundra, 748

respiration of, 168
sampling of, 8-31, 196-204
senescence and life forms of, 167-

179
simulation of growth of, 165-179
studies of uptake by, 72-91, 165-

179, 207-219, 329-345, 383-392,
394-402, 462-476, 538-548, 550-
566, 568-580, 582-589, 605-620,
622-626, 628-636,637-643,645-
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655, 658-670, 725-736, 738-751,
801-815,817-831

tundra, 165-119, 516-534, 590-60:*,
738-751,833-848

utilization of nutrients in wet-
meadow tundra, 754-775

Platanus occidentalis, 710
Plutonium

in biological samples, 275-287
chelation and transport of,

645-655
complexation with chelating agents,

479-493
distribution coefficient in soils,

403-415
extractability from soil, 403-415
2 3 7 Pu, 2 3 8 Pu, 2 3 9 Pu, uptake by
^ corn, 622-626
238Pu, extractability from soils,

403-415
in soil—water systems, 479-493
uptake by crops, 622-626

Polarography, differential pulse,
trace-element analysis by, 226-228

Pollution
See also Contamination
of air by coal-buming power

plants, 34-58, 290-298, 329-345,
383-392, 691-698

of aquatic systems with mercury,
182-194, 866-377

arsenic, in crops, 207-219
cadmium, in crops, 628-636
chemical, from geothermal area,

365-380
from cooling towers, 329-345
1 7Cs, in floodplain ecosystem,

462-476
environmental, from coal-fired

power plants, 34-58, 383-392,
568-580, 590-602, 637-643,
658-670

of marsh and floodplain ecosystems,
446-459

mercury, of lakes, 866-877
of sediment by metals, 417-431,

434-444, 446-459
thermal, from geothermal area,

365-380
of tundra with oil, 590-602, 833-

849

Polygons, frost
at Barrow, Alaska, 95-108, 590-

602
in coastal tundra, 516-534, 590
lemming activity in, 95-108
nutrients in, 95-108
primary productivity in, 95-108

Pond weeds (see Poiamogeton)
Pontedena, 868
Populus delloides, 660
Potamogelon, 868-869
Potassium

from coal combustion, 34-58
in competition with ' ' 7Cs in

cycling processes, 462-476, 674
720-722

in crops, 335-344
cycling in Douglas fir forest, 801-

815
cycling index, 154-156
cycling in tropical rain forests, 4
distribution by herbivores, 102-104
in fly ash, 243-249, 388, 507, 638
in fly-ash-contaminated desert

plants, 392
in fly-ash-contaminated soil, 391
in forest litter, 817-831
in forest understory, 817-831
in jack pine trees, 817-831

K, in deer and their fetuses,
682-689

40K, in litter and/or soils, 308,
320-322

•)0K, in vegetation, 319-327
losses from plants, 3, 103
mass balance in watershed, 355
in natural waters, 232-238
in soil during plant succession, 616
in soils, 319-327, 341, 383-392,

817-831
in subalpine watershed, 347-363
in surface waters, 371
synergistic effects of, on arsenic

toxicity, 218
uptake during plant succession,

605-620
Power stations

Allen Steam Plant, Ind., 41
Chalk Point, Md., 329
Consumers Power Co., Mich., 41
Dave Johnston Plant, Wyo., 41
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Four Corners Power Plant, N.M.,
41

Mohave Generating Station, Nev.,
41

Savannah River Plant, S.C., 41
Poxomis nigromaculatus, 866-877
Precipitation

as carrier of pollutants, 347-363
effects of cooling towers on

quality of, 329-345
effects on organic-matter de-

composition, 779-787
effects on organic-matter flows in

hardwood forest, 790-799
effects on radiocesium cycling,

347-363, 709-722
effects on radionuclide adsorption

by soils, 412
effects on surface runoff and

sedimentation, 49
role of, in mineral cycling in

Douglas fir forest, 801-815
role of, in trace-element cycling,

34-58
sulfur in, 394-402
transfer of radiocesium through,

709-722
Productivity

See also Photosynthesis
of components of hardwood

forest, 790-799
in forest ecosystems, 5
forest, effects of nitrogen on,

72-91
primary

as; affected by tundra nutrient
gradient, 165-179

of biomas:; in tundra, 66, 516-
534

consumption of, by herbivores,
95-108

effects of crude oil in tundra
pond on, 833-849

effects of tundra soil compaction
on, 738-751

uptake of nutrients in relation to,
605-620

of salt marshes, 457-459
Prudhoe Bay, Alaska, 833-848
Prudhoe crude oil, 590-602, 833-848
Prunus, 606
Pseudotsuga menziesii, 72-91, 802

Pteridium aquilinum, 83
Puerto Rican rain forest (see Forest)

Quercus laevis, 700-707
Quercus laurifolia, 790-799
Quercus nigra, 606, 710, 790-799
Quercus phellos, 606
Quercus prinus, 710

Rabbits, modeling of 89Sr in, 20-27
Radiation

exposure of animals to, 673-680,
682-689, 725-736

exposure of man to, as a result of
radionuclide releases, 851-864

in situ measurement of, 300-312
Radiocesium

See also Cesium
in Arctic, 62-65, 673-680
body burden of wolf, 673-680
in deer and their fetuses, 682-689
in desert plants, 731
distribution, effects of micro-

topography on,462-476,495-503
effect of liquid-waste-disposal

crib on levels of, in shrub, 725-
736

in food chains, 62-65, 673-680,
682-689

in forest litter and herbs, 313-327
in man, 59-70
in oak leaves, 700-707
in old field litter and herbs, 313-

327
in plant leaves, 713-722, 725-736
in plant roots, 713
in situ measurement of radiation

from, 300-312, 313-327
in soils, 300-312, 313-327, 462-476,

495-503, 713,725-736
in vegetation, 62-65, 700-707, 709-

722, 725-736
Radionuclide

See also individual radionuclides
in aquatic oiota, 851-864
bioaccumulation factors for, 860
chelation of, o*5-655
complexation by organic com-

pounds, 411-412
contribution to radiation dose to

man and aquatic biota, 851-864
coprecipitation effects on adsorption
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of, by soils, 412
extractability from soil, 403-415
measurement of releases of, 290-

298
modeling studies, 20-27
movement and concentration near

waste-disposal site, 725-736
release to aquatic environment

from nuclear fuel cycle, 851-864
release to atmosphere from nuclear

fuel cycle, 861
release from conversion facilities,

856-857
studies, 59-70, 253-263, 275-287,

290-298, 300-312, 313-327, 403-
415, 462-476, 479-493, 495-503,
538-548, 550-566, 622-626, 645-
655, 673-680, 682-689, 700-707,
709-722, 725-736, 790-799, 801,
815, 851-864

Radiophosphorus, as tracer of trans-
location in plants, 516-534

Radiotracer
for phosphorus, potassium, and

calcium, 801-815
in tundra cycling studies, 516-534
in water standard studies, 232-238

Radishes (see Raphanus sativusj
Rainfall (see Precipitation)
Rainwash, loss of nutrients in, 801-

815
Raphanus sativus, 550-563
Rats, effects on soil mineral re-

distribution, 104-105
Reactors, light water, radionuclides

from, 462-476, 682-689, 709-722,
857-858

Recycling
in biota,4
of fly ash in agriculture, 504-514,

568-580, 637-643
of fly ash in desert environment,

34-58, 383-392
of nitrogen within fir forest

comoonents, 72-91
of m.tnents in litterfall, 605-620
pathways of, in tundra plants,

165-179
of poultry litter in agriculture,

207-219
within ecosystem models, 95-108

Red maple (see Acer rubrun,)

Redox potential, effects on metal
fixation by sediments, 417-431

Reindeer (see Caribou)
Respiration

of components of mixed-hardwood
forest, 790-799

of shrubs, 165-179
soil, simulations in tundra, 762-768
of tundra root systems, impact of

oil upon, 590-602
Rhizomes, of tundra plants, models

of, 165-179
Rhododendron canadense, 825
Rhodomonas minuia, 833-848
Rhus, 606
Rodents

desert, radiocesium levels in, 725-
736

effects on mineral cycling, 107
Romaine lettuce (see Lactuca sativa)
Root

absorption
of metals, 568-580, 582-589,

628-636, 637-643, 645-655
and nutrient-conservation

mechanism, 3-4
of nutrients, 3, 72-91, 568-580,

605-620, 801-815
of plutonium, 622-626
of radionuclides, 462-476, 634-

635, 645-655, 725-736, 801-815
of technetium, 538-548

density in relation to nutrient
uptake, 605

growth, as affected by heavy metals,
582-589

length as index of heavy metal
toxicity, 582-589

mycorrhizal fungal association
with, 3

of rabbitbrush plants, ' 3 7Cs in,
725-736

respiration, effect of oil perturba-
tion on, 590-602

role of, in mineral cycling, 3
to shoot ratio

in desert shrubs, 48
effects of "Tcon ,559

tree, distribution patterns in a
Douglas fir forest, 807

in tundra soil systems, 169-179,
526, 590-602, 739
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Rubidium
mass balance in subalpine water-

shed, 355
' bRb, cycling in Douglas fir

forest, 801-815
Runoff

effects on ' 3 7Cs mobility, 495
surface, effects on elemental

transport, 49
from uranium mining, 856

Ruthenium
in natural waters, 258
1 0 6 Ru, in litter and soils, 320-322

Sagebrush (see Artemisia tridentata)
Salal (see Gaultheria shallon)
Salinity

caused by fly ash, 504, 568-580
of estuaries, 456-459

Salix nig)-a, 660, 710
Salix pulchra, growth models of,

168-179
Salix rotundafolia, 590
Salt marsh

carbon model for, 161
mineral cycling indexes of, 154-

156, 157-159
trace elements in sediments of,

446-459
Sampling

of aerosols, 691-698
analytical, in ecological studies,

8-31
descriptive, in ecological studies,

8-31
methodology for environmental,

8-31, 196-204
models for trace elements in eco-

systems, 8-31
spatial pattern in, 13
standard

for bovine liver, 202
for orchard leaves, 202

standardization for environmental,
202-203, 232-238

techniques for environmental
samples, 196-204, 253-264,
691-698, 790-799

of water samples, 253-264, 365-
380, 394-402

San Francisco Bay sediments,434-444

Sand hills, radiological survey of,
313-327

Sassafras, 606
Savannah River Plant, 41, 462-476,

605-620, 623, 658-670, 682-689,
709-722

Scandium
atmospheric release of, from coal-

burning power plants, 37, 42-58
loss to container walls, 255
in natural waters, 258

Scanning electron microscope (see
Electron microbeam technique)

Sedan, Project, radionuclide
cycling at, 20-27

Sedge (see Carex aquatilis, Carex
scopulorum)

Sediment
cadmium in, 417-431
in Charleston Harbor, S.C., 446-

459
chemical fractionation of zinc and

cadmium in, 417-431
contamination by toxic metals,

182-194, 417-431, 434-444, 446-
459,866-877

effect on ' 3 1 Cs distribution in
floodplains, 462-476

estuarine, soluble copper in, 434-
444

Lower Three Runs Creek, 462-476
marine, pollution by trace metals,

446-459
marsh, 446-459
mercury in, 182-194, 866-877
Michigan lake, 866-877
Mississippi River, 417
North Inlet, S.C., 446-459
river, 446-459
role of, in cycling of radionuclides,

496-5C2, 862
San Francisco Bay, 434
silt in, 437
in springs and creeks of geothermal

watershed, 365-380
water exchange, of mercury in

aquatic system, 182-194
zinc in, 417-431

Selenium
atmospheric release of, from coal-

burning power plants, 36-58
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in fly ash, 243-249, 513
stability in water standard, 232-238

Senescence
effect on technetium mobility in

plants, 538
in tundra plants, models of, 165-

179
Sheep, mineral redistribution through

feces of, 104-105
Sierra Nevada, Calif., cesium cycling

in, 347-363
Silicon

in fly ash, 243-249, 388, 507
in fly-ash-contaminated desert

plants, 392
in fly-ash-contaminated soils,

389-392
Silver

in fly ash, 388
in natural waters, 258

Silver Spring, Fla., cycling indexes
of, 156

Simulation (see Model)
Snail (see Triodopsis vannostrandi)
Snow (see Precipitation)
Sodium

adsorption,ratio, effects of fly ash
on soil, 510-511

in crops, 342-343
cycling indexes of, 156-157
eye'ing in pine forests, 821-831
cycling in tropical rain forests, 4
deposition from cooling towers,

329-345
in fly ash, 243-249, 388, 507
in fly-ash-contaminated brittlebush,

392
in lettuce, 572
in precipitation, 339
in soils, 341, 391, 568-570, 616
stability of, in water standard,

232-238
in surface waters, 258, 371
in Swiss chard, 575-576

Soil
amendment and contamination of,

with fly ash, 240-252, 383-390,
504-514, 568-580, 637-643

arsenic in, 207-219
availability of heavy metals from,

568-580, 628-636, 637-643,
645-655

base saturation of, in plant succes-
sion, 616

cadmium in, 630-636, 658-670
calcareous, effects of fly ash in,

568-580
chela ting agents in, 645-655
chemical analyses for, 196-204
chemical fractionation of

phosphorus in tundra, 516-534
compaction, effects on nutrient

availability and primary pro-
ductivity, 738-751

components, effects on plutonium
and curium extractability, 403-
415

contamination by aerosols, 329-
345

copvecipitation effects on radio-
nuclide adsorption by, 412

l 3 7Cs in, 300-312, 313-327,
462-476,495-503, 713, 732

curium in, 403-415
density, effect on activity and ex-

posure rate for ' 3 7Cs, 310
density, measurement for radio-

logical survey, 318
diffusioi. "f plutonium in, 479-493
diffusion of -2 2 Ra in, 291
erosion, as agent of soil loss, 495-

503
extractability of radionuclides

from, 403-415
fauna, 265-272
fixation of elements from fly ash,

637-643
flora, 265-272
forest, nutrients in, 709-722. 801-

815,817-831
gamma emitter burdens of, 324
horizon, metal contents of, S63
hydrogen ion concentrations, 72-91
inventory, of elements in tropical

forestry, 4
ion-exchange capacities of, 605-

620,801-815
4 0Kin,308
leachates

arsenic in, 207-219
relationship to uptake oT

phosphorus, potassium, and
calcium by trees, 801-815
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lower organic layer, parameters in
wet-meadow tundra, 759

microbial activity in tundra, 518,
590-602, 767

mineral layers, parameters in wet-
meadow tundra, 759

mineral redistribution in, effects of
herbivores on, 104-105

moisture, metals in, 362
natural radiation in, 300-312
nitrogen in, 72-91, 130, 738-751
nutrients in, 72-91, 265-272, 329-

345, 347-363, 504-514, 516-534,
568-580, 605-620, 738-751, 801-
315,817-831

organic fraction, cesium in, 347-363
organic mat in tundra, 69
organic matter, effects on

plutonium and curium extract-
ability, 403-415

2 1 4Pbin, 308
peat layer, parameters in wet-

meadow tundra, 759
pedons, 497
phosphorus in, 504-514, 516-534,

738-751
plutonium in, 504-514
pollution potential from coal

combustion, 240
processes, simulations in wet

meadow tundra, 754-775
profiles, design for studies of, 29-30
profiles in tundra, 516-534
respiration, 76
salinity, impact of cooling towers

on, 329-345
sampling methodology for, 196-

204
saturation extracts, trace elements

in, 383-392
and sediment chemistry, 72-91,182-

194, 329-345, 347-363, 383-392,
403-415, 417-431, 434-444, 446-
459, 479-493, 504-514, 516-534,
866-877

solution
arsenic in, 207-219
cesium .-nd metals in, 347-363
concentration of nutrients in, for

tundra decomposers, 765
nutrients in, during plant succes-

sion, 617

phosphorus in, in tundra, 516-534
plutonium in, 479-493
and radionuclide measurement,

313-327
of tundra, 516-534, 590-602

sorption
of cadmium, 417-431
of copper, 434-444
of 137Cs, 462-476
of phosphorus, 504-514, 516-534
of plutonium, 479-493
of ' 9 Tc, 550-566
of zinc, 417-431

sulfur cycling in, 394-402
surface, trace elements in, 383-392
technetium in, 550-566
temperature and tundra nutrient

cycling, 65-70, 165-179, 740-747
testing and plant analysis, 196-204,

329-345
20KTlin, 308
trace elements in, 34-58, 383-392,

568-580, 628-636, 645-655
transuranium nuclides in, 275-287,

403-415, 479-493, 622-626
tundra, nutrient contents of, 104-

108, 516-534, 738-751, 754-775
type, effect on oil perturbation,

590-602
universal loss equation, 502
unsaturated zone, movement of

metals in, 347-363
upper organic layer of, parameters

in wet-meadow tundra, 759
Solar radiation, effect of, on crude

oil loss, 835-845
SoUdago, 660-669
South Pole, radionuclides in air of,

295-298
Soybeans (see Glycine max)
Spartina, 161,446-459
Speciation

of algae, effect of crude oil on,
833-849

of copper in estuarine sediments,
434-444

of metals in sediment—water sys-
tems, 417-431

of plutonium in soil—water systems,
479-493

Spectrofluorimetry, in NBS water
standard verification, 237
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Spiders (see Arachnidae)
Stability

of chelate—metal complex, 645
of cycling models, 129-137
of elemental composition of water

samples, 232-238, 253-263
of metals in sediment—water sys-

tems, 417-431
Steady state, of mixed-hardwood

forest ecosystem, relation to
nutrient accumulation, 798

Stemflow
collectors to measure, 711-712,

791
nutrient transfer via, 5
organic matter in mixed-hardwood

forest, 790-799
pathway of ' 3 7Cs in a floodplain

forest, 709-722
Stocking rates, of trees, effect on

nutrient accumulation, 817-831
Streams

calcium cycling index for, 155
cesium in, 347-363
chemistry of, effects of geothermal

energy production on, 365-380
cycling indexes for, 154-156
in geothermal area, 365-380
mercury in, 182-194
potassium cycling index for, 155
reactor effluent in, impact on

radiocesium cycling in floodplain
forest ecosystem, 709-722

Strontium
from coal combustion, 34-58
cycling index of, in rain forest,

154-156
cycling in tropical rain forests, 4
in deer, 685-689
in fly ash, 243-249, 388, 513
in fly-ash-contaminated brittle-

bush, 392
in fly-ash-contaminated soil, 391
in lettuce, 575
mass balance in watershed, 355
S 9 '9 0Sr, in deer and their fetuses,

682-689
8 9 '9 °Sr, models of cycling of,

20-27
in vegetation, 21, 392, 568-580
water-soluble, from fly ash, 512

Subalpine environment, cycling of
metals in, 347-363

Succession
plant, effects on nutrient cycling,

605-620
relation of, to ' 3 7Cs accumulation

in mixed-hardwood forest, 790-
799

relation of, to nutrient accumula-
tion, 798

Sulfate
effects on technetium uptake,

538-548
in fly-ash-amended soil, 568-580
in surface waters, 371

Sulfide, in sediments, 417-431, 437
Sulfur

from coal combustion, 34-58
deficiency

in agriculture, 394
correction of,by fly ash, I 38- 580

in fly ash, 507, 571
in lettuce, 575
in precipitation, 394-402
in Swiss chard, 575-576

Sulfur dioxide
from coal combustion, 34-58
from cooling towers, 329-345
in precipitation, 329-345

Sunfish (see Lepomis cyanellus)
Swamps

mercury in, 182-194
radiocesium in soils of, 462-476

Sweetgum (see Liquidambar
styraciflua)

Swiss chard (see Beta vulgaris)
Sycamore (see Platanus occidentals)

Tall fescue (see Festuca arundinacea)
Technetium

in crops and crop parts, 538-548,
550-566

sorption by soils, 550-566
99Tc, toxicity to plants, 550-566

Tellurium, from coa! combustion,
34-58

Temperature
effects on crude oil loss, 834-845
effects on decomposition and

cycling in tundra, 740-747, 754-
775
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effects on nitrification in forest
soils, 77-91

effects on nutrient cycling in
Douglas fir forest, 801-815

effects on organic-matter
decomposition, 779-789

influence on root respiration,
590-602

of surface waters, 379
Termites, effects of, on soil mineral

redistribution, 104-105, 107
Thallium

from coal combustion, 34-58
2OST1, in soils, 308

Thorium, in litter and soils, 320-322
Throughfall

in Douglas fir forest, 801-815
nutrient transfer via, 5
organic matter in, in mixed-

hardwood forest, 791-792
pathway of '"' 7Cs in floodplain

forest, 709-722
Thyroid, radiation dose to man from.

861-863
Thysanoptera, ' 37Cs in, 733
Tin

in natural waters, 258
1 2 5Sb, in soil and vegetation, 319-

327
Titanium

from coal combustion, 34-58
in fly ash, 243-249

Tobacco (see Nicotiana iahacum)
Topography

cesium distribution in relation to,
462-476

effects on ' 3 7Cs mobility, 495-503
of tundra frost polygons in relation

to cycling, 105-106, 519-534, 592
Toxicity

of boron to plants, 504, 568-580
of heavy metals to lettuce, 582-589
of technetium to plants, 538-548,

550-566
Trace elements

See also individual heavy metals
adsorption loss of, during storage,

253-263
analysis in water of, 221-230
from coal combustion, 34-58, 383-

392, 504-513, 568-580, 637-643,
658-670

in crops, 207-219, 568-580, 582-
589, 628-636, 645-655

ecological sampling models for,8-31
electrochemical methods for

analysis of, 221-230
enrichment of, in aerosols and fly

ash, 43, 691-698
enrichment of, factors, computation

formula, 42
in floodplain and marsh sediment,

446-459
in fly ash, 24-58, 240-252, 383-

392, 504-514, 568-580, 637-
643,658-670

in crops, 568-580, 637-643
in desert plants and soil, 34-58,

383-392
in plants, 207-219, 383-392, 691-

698
in sediment—water systems, 182-194,

417-431,434-444,866-877
in soil, 207-219, 383-392
solubility of, 240-252
stability of, in water samples, 232-

238
in terrestrial food webs, 658-670
toxicity of, to lettuce, 582-589
in water samples, 182-194, 253-263,

866-877
Tracer

1 i 7Co, of soil particle movements,
496-502

for elemental stability in water
samples, 233

in meteorological (studies, 290
for phosphorus, potassium, and
^ calcium, 801-815
*' 7Pu, for other plutonium iso-

topes, 622
for transuranium nuclides, 275-287

Transuranium nuclides, 275-287,
403-415, 851-864

Plutonium, 275-287, 479-493,
622-626, 851-864

Trees
See also species
age of, in relation to nutrient

content, 817-831
flow o r organic matter in, 790-799
nutrient cycling in, 72-91, 801-

815,817-831
radionuclides in, 313-327, 801-815

a
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Trier\'atis borealis, 825
Trifolium repens, 401
Triodopsis uannostrandi, 661
Triticum aestivum, 329-345, 401,

550-566
Tundra

compaction by vehicles, 746-751
cycling indexes, 154-156
decomposition and mineral release

in wet-meadow, 754-775
ecosystem models, 59-70, 165-179
environmental impact of oil in,

590-602, 833-848
microbial activity in soils of, 518,

590-602, 767
mineral cycling studies, 59-70, 95-

108, 516-534, 754-775
models of herbivore activity in,

102-106
nitrogen and phosphorus distribu-

tion in, 738-751
nutrient loss from soils of, caused

by perturbation, 744
phosphorus cycling, 516-534
ponds, crude oil spills in, 833-849
root respiration in, 590-602
soil nutrient contents, effects of

herbivores on, 106
studies, 59-70, 95-108, 165-179,

516-534, 590-602, 673-680, 738-
751, 754, 775, 833-848

thaw-ponds, effect of crude oil on
phytoplankton in, 846-847

Tundra Biome Program (see Inter-
national Biological Program)

Tungsten, in natural waters, 258
Turkey oak (see Quercus laevis)
Typha, 868

Ultisols (soils), 340-341
Upper Coastal Plain, ' 3 7Cs in, 462-

476
Uptake

of arsenic by crops, 207-219
of cadmium by corn, 628-636
of heavy metals by crops, 568-580,

637-643, 645-655
of nutrients by trees, 72-91, 801-

815, 817-831
of plutonium by corn, 622-626
of technetium by crops, 538-548,

550-566

Uranium
enrichment, radionuclides released

from, 857
in litter and soils, 320
loss to container walls, 255
in natural waters, 258
radionuclides released from

milling, mining, a.id enrich-
ment of, 856,857

in soils and plants, 319-327
Urban areas

contamination of marsh systems
from, 446-459

2 l 0 Pb in air of, 290-298
release of mercury to lakes from,

866-877
and sulfur in the atmosphere, 394-

402
Urine, as source of nutrients, 102-

104
Uroglena, 845

Vaccinium, 606, 825
Vanadium

atmospheric release of, from
coal-burning power plants, 37-57

in fly ash, 243-249, 388, 513
toxicity to lettuce, 582-589

Vegetation
See also Agricultural crops, Forest,

Plants, Trees
analysis of, for transuranics, 275-

287
cadmium in, 628-636
cooling-tower impacts on, 329-345
desert, 34-58, 383-392, 725-736
old field, 313-327, 605-620, 658-

670
radionuclides in, 313-327
technetium in, 538-548
tundra, 65-70, 165-179, 590-602,

839
Volatilization

of mercury in aquatic systems,
182-194

of toxic compounds from crude
oil, 844-845

of trace elements during coal
combustion, 240-252

Volcanics, 365-380
Voitammetry, for trace-element

analysis, 226-228
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Walker Branch Watershed, 44, 48-51
Washout, atmospheric, as source of

mercury, 866-877
Waste disposal

of coal ash, 241, 382-383, 568-
580, 637-643, 658-670

crude oil spillage in, 590-602, 833-
848

of fly ash, 504-514, 568-580, 637-
643, 658-670

nuclear, 725-736, 852
of poultry litter on agricultural

lands, 207-219
Waste water, municipal, irrigation

with, 78-91,606
Water

arsenic in, 207-220
budget, of root-zone soil in relation

to decomposition rates, 779-789
chemical analysis for, 196-204, 221-

230
chemistry, 182-19<, 232-238, 253-

263, 347-363, 365-380, 377-378,
417-431, 866-877

cooling, for nuclear fuel cycle and
power plants, 329-345, 851-864

interstitial, of sediments, 434-444
mercury in, 182-194, 866-877
mercury cycling in, 182-194, 866-

877
natural

NBS standard for 20 elements in,
232-239

sampling of, 253-264
trace elements in, 253-264, 347-

363, 365-380, 394-402, 417-
431

pollution potential from coal
combustion, 240

radionuclide releases to, 851-864
relations in tundra plants, models

of, 165-179
sampling methodology for, 196-204,

253-264
standard, multitrace-element, 232-

238
Water lily, yellow (see Nuphar advena)
Water milfoil (see Myriophyllum)
Water oak (see Quercus nigra)
Water quality

effects of geothermal energy
production on, 265-380

environmental impacts of toxic
metals on, 417, 866-877

Waterfowl, effects of, on lake water
quality, 875

Watersheds
agricultural, mobility of ' 37Cs in,

472, 405-503
Big Canyon Creek, northern

Calif., 365-380
Coweeta, N.C., 128-131
Fern Lake, Wash., 801-815
in geothermal area, 365-380
Hubbard Brook, 49-50, 77,139
nutrient cycling in subalpine,

Sierra Nevada, Calif., 347-363
Walker Branch, 44, 48-51

Waterways, cycling of toxic metals
in, 417

Wax myrtle (see Myrica cerifera)
Weathering

of crude oil in arctic ponds, 833-
848

effects on natural mobilization of
trace elements, 34-58

of fly ash, 637-643
Wheat (see Triticum aestivum)
White ratany (see Krameria grayi)
White-tailed deer (see Odocoileus

virginianus)
Willow (see Salix nigra)
Wolf {see Cants lupus pambasileusi
Woody tissue

growth of, and nitrogen cycling,
85-91

lead deposition on, 691-698
models of cycling through, 139-140,

159
radionuclides in, 317-327, 731-732
role of, in organic matter flows in

hardwood forest, 790-799

X-ray flui 'escence analysis, compari-
son with electrochemical methods,
229

X-ray spectrometer (see Electron
microbeam technique)

Xylem, technetium in, 538-548

Yellow bullhead (see Ictalurus
natolis)

Yeilow perch fsee Perca flavescens)
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Yellow water lily (see Nuphar advena)
Yosemite National Park, 691-698
Yttrium, chelated, in bush beans,

654

Zea mays, 329-345, 401, 497-502,
550-563, 622-626, 638, 640, 642,
651,654

cadmium in, 628-636
Zinc

in animals, 19
atmospheric release of, from coal-

burning power plants, 34-58,
383-392

chelated, plant uptake of, 645-655
chemical fractionation and

coprecipitation of, 417-431
cycling indexes of, 154-157
cycling through herbivores, 102-

104

cycling in tropical rain forests, 4
enrichment factors for aerosols

and fly ash, 43
extractability of, in soil, 504-514
in fly ash, 243-249, 388, 513
in fly-ash-contaminated soil, 391,

568-580
in lettuce, 575
in marsh and river sediments, 417-

431,448-449
in natural waters, 258
in sediments, 417-431
stability in water samples, 237
in Swiss chard, 575-576
in tall fescue, 641
toxicity to lettuce, 582-589

Zirconium
in fly ash, 243-249
in natural waters, 258
95Zr, in litter and soils, 320-322

NOTICE

This book was prepared as an account of work sponsored by the United States
Government. Neither the United States nor the U. S. Department of Energy, nor
any of their employees, nor any of their contractors, subcontractors, or their
employees, makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness or usefulness of any information,
apparatus, product or process disclosed, or represents that its use would not
infringe privately owned rights.
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Proceedings of a symposium held at Augusta, Ga., May 1—4, 1974, sponsored by the
Savannah River Ecology Laboratory; the Institute of Ecology, University of Georgia; and
the U. S. Atomic Energy Commission. One of the few comprehensive reports presently
available in the field, this volume reflects in many ways the state of the art in
mineral-cycling research. Most of the studies document and compare elemental concentra-
tions in various ecosystem ^mpartments, with emphasis on verification of techniques,
documentation of data with statistically determined confidence intervals, interpretation of
results, and synthesis leadinn to devaiopment of concepts for this area of ecology. Although
the primary emphasis is on mineral cclrng in the southeastern United States, work in other
geographic areas is also discussed.
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Proceedings of a symposium held in Aiken, S. C, May 3—4, 1973, sponsored by the
Savannah River Ecology Laboratory, the Savannah River Laboratory, and the U. S. Atomic
Energy Comr^is-ion. This symposium, the first to be held on thermal ecology, promoted
interaction between researchers in universities, industries, and government and provided
depth and diversity of coverage. The papers emphasize both the positive and the negative
aspects of man's treatment of thermal wastes. The book is of value to students and
investigators conducting studies on biological responses in thermally stressed environments.
Many of the papers are essential for thorough coverage and assessment of the environmental
impact of thermal effluents to natural ecosystems,
CONTENTS: Nine main subject areas: Physiochemical phenomena (€ papers). Physiological
ecology (4 papers). Thermal tolerance and adaptation (7 papers). Population ecology (9
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Proceedings of a symposium held in Augusta, Ga., Apr. 2—5, 1975, sponsored by Savannah
River Ecology Laboratory; Institute of Ecology, University of Georgia; and Energy Research
and Development Administration, "ihese proceedings, for the second symposium on thermal
ecology, present an overview of thermal ecology at the individual, population, and
ecosystem levels of biological organization; research reports on specific plants, fish, and
shellfish, as well as on communities and ecosystems; and reports of the environmental
impact of electric-power facilities, both nuclear and fossil fueled.
CONTENTS: Seven main subject areas: Thermal ecology—an overview (4 papers).
Temperature and physiological parameters (13 papers). Thermal tolerance (9 papers).
Temperature nnd fish behavior (5 papers). Populations, communities, and ecosystems (14
papers). Environmental impact of electric-power facilities (3 papers). Impingement,
entrainment, and electric-power facilities (9 papers). Index.
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