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Oak Ridge National Laboratory is a multiprogram,
multipurpose laboratory that conducts research in the
physical, chemical, and life sciences; in fusion, fission,
and fossil energy; and in energy conservation and other

energy-related technologies.

This computer graphic, generated from
crystallographic data provided by David
Eisenberg of the University of California at
Los Angeles, shows a portion of the active
site of the carbon dioxide fixation enzyme,
a cornerstone of all life. In this view, the
barrel-shaped portion of the molecule has
a blue inner surface and a red outer
surface. Three amino acids, identified as
crucial to catalysis by investigators in
ORNL'’s Biology Division, are shown in
green. Understanding this enzyme and
improving its efficiency are goals of the
Division's Protein Engineering Group.
See the article on p. 60 in this special
issue featuring the life sciences at ORNL.
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Richard Kimball
(left) and the

late Alexander
Hollaender seem
to be pondering
research results.
Both served as
directors of the
Biology Division.

Forty Years of

Biology Research

one marrow transplants can

save the lives of radiation

accident victims. Embryos of

superior animals can be
frozen and implanted in the uterus of
inferior animals—a revolution in animal
husbandry. Pregnant women are now pro-
tected from unnecessary medical X rays
and chemical workers from excessive
exposure to hazardous chemicals. Con-
sumer action has brought about a reduc-
tion of potentially carcinogenic nitrite
preservatives in foods. These develop-
ments, and others we now take for granted,
are in part the result of research done in
the Biology Division of Oak Ridge Na-
tional Laboratory.

Forty years ago, many of these biologi-
cal advances were only questions that
some thought could never be answered:

What are the effects of radiation and

chemicals on living cells? How is an or-

ganism able to exactly duplicate itself, almost cell-
for-cell? What makes cancer cells proliferate in
uncontrolled growth, and what can be done to stop
this process? Could an egg or embryo from one
type of animal grow and be born from another
type of animal? We don’t have all the answers
today, of course, but ORNL biologists have made
many contributions to solving these mysteries and,
in the process, learned much about the genetic
process, helped make us safer from radiation and
chemicals in the environment, discovered better
ways to treat some types of cancer, and developed
techniques that will help produce superior strains
of plants and animals.

The Biology Division was established as a sepa-
rate research entity at Oak Ridge National Labora-
tory in 1946, when Alexander Hollaender, already
a distinguished radiation biologist, was hired as
director. The new Division initially had two main
goals:

L To estimate the genetic and carcinogenic ef-
fects of radiation in human populations from
studies using biological organisms such as
bacteria, fruit flies, and mice; and

U To use ORNL's physical and chemical capa-
bilities, together with the various talents of Bi-
ology Division personnel, to advance the de-
veloping field of molecular biology.

During the 20 years of Hollaender’s leadership,
the Biology Division became ORNL’s largest
division and gained international recognition for
its contributions to radiation genetics, biochemis-
try. radiation carcinogenesis. and molecular
biology. This distinction was achieved by a unique
investigative style that emphasized a small-scale,
interdisciplinary approach to basic research, to-
gether with the development of large-scale animal
experiments. This approach was first used to de-
termine the effectiveness of radiation in inducing
genetic effects and cancer. Former ORNL Director
Alvin Weinberg wrote that Hollaender “invented
this new style of historical investigation, (which)
has forever changed biology.”

The new Division soon expanded its programs
to include studies of the health effects of environ-
mental chemicals and rapidly gained stature in this
area as well. Hollaender also initiated the Biology
Division’s renowned Gatlinburg Symposia, which
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Eugene Oakberg,
Liane B. Russell,
and William L.
Russell discuss
research strategy
in mammalian
genetics.
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Genetics Research in the
Biology Division

By Liane B. Russell and R. Julian Preston

enetic studies are conducted within

all sections of the Biology Division,

but most take place in two: the

Mammalian Genetics Section and
the Human Genetics Section. Here we describe the
research that has led up to and constitutes the
ongoing programs in these sections. Our approach
is to explain how classical genetic studies and
modem molecular biology techniques have been
combined to address important questions pertinent
to understanding adverse human health effects.

The Mammalian Genetics Section was started
in late 1947: its original mission was to obtain
information on the genetic hazards of radiation. It
was obviously desirable to use an experimental
organism that was relatively closely related to
humans. genetically well characterized, and fast-
reproducing. The mouse fits the bill in all respects.

William Russell. who was to head the section
for the next 27 years. designed methods for the

detection and measurement of various types of
genetic effects in mice and developed appropriate
stocks of mice. During the 1950s and early 1960s.
he led studies that determined the effects of a large
array of variables—radiation quality, dose. dose
rate, sex. reproductive-cell stage. and age—on
mutation rate (frequency of heritable alterations in
the offspring of irradiated mice). This body of
information provided the basis for projecting and
establishing permissible radiation-dose levels for
human populations.

In the 1960s, investigators in the section began
to study the mutational effects of various chemi-
cals on mice, using several of the methods that had
been developed for radiation experiments. Some
of this work continues today.

From the beginning, related areas of research
also received attention. For example, a clear
understanding of the kinetics of germ-cell forma-
tion and renewal was obviously necessary for the
interpretation of the mutagenesis data. Eugene
Oakberg. who retired in 1985, pioneered in this
area: his work is still regarded as classic. In the

1950s, the harmful effects of
radiation on the developing embryo
were systematically identified by
Liane Russell. Her results led to a
change in medical practice—the use
of X rays on potentially pregnant
women has been greatly restricted.

Throughout the section’s history,
the products of the mutagenesis
experiments—mouse strains that
carry various mutations and chromo-
somal rearrangements—served as
tools for studies in basic genetics.
One outcome of such studies was the
discovery of sex-determining
mechanisms in mammals; another
was finding that one of the two X
chromosomes of the mammalian
female is genetically inactive.

The work of the present-day
Mammalian Genetics and
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these different types of damage can be repaired by
enzymes in the cell. and (3) the consequences of
misrepair or failure to repair damage on the
genotype and phenotype (observed characteristics)
of cells. organs. and whole organisms. This work
will help clarify the potential for adverse health
effects from human exposure to radiation or
chemicals.

The new techniques have enabled our geneti-
cists to consider novel approaches to some
longstanding problems. In the Human Genetics
Section. we are studying the steps from induced
DNA damage to mutant phenotype, using mouse
models and human cells in culture. Ray and Diana
Popp have studied mouse and human hemopathies
(blood disorders) for many years. Using molecular
techniques and sophisticated cytofluorometric
analysis. they have been able to characterize
several of these blood disorders—specifically, a
mouse B-thafassemia (hereditary form of anemia)
that is a unique model of a corresponding human
disorder. We anticipate that this model system can
be used to determine the feasibility of gene
therapy by employing the normal human gene for
reverting the blood disorder. Other model systems
are being developed.

Jim Regan, Bill Carrier, and Andy Francis have
been studying the defects in DNA repair using
cells from persons who show sunlight sensitivity
(Xeroderma pigmentosum) and exhibit a high
frequency of skin cancer. The researchers have
identified DNA products resulting from exposure
to sunlight that cause damage whose repair is or
might be defective. The thymine dimer and its 6-4
photoproduct have been implicated, and we hope
that our collaborative studies with Larry
Thompson and colleagues at Lawrence Livermore
Laboratory will lead to the identification of
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normal human genes that can correct for the
damage caused by these DNA photoproducts.

Some of the research by Julian Preston and his
colleagues in the Biology Division's Molecular
Mammalian Cytogenetics Group is described in
his article on p. 16. In addition to these studies. the
group is conducting research (with Sankar Mitra
and colleagues) on radon’s potential to induce
mutations and (with Peggy Terzaghi-Howe and
Wen Yang) on radon’s ability to transform normal
cells to cancerous ones. Rodent cell mutant lines
are being used to identify and characterize human
DNA repair genes. The use of molecular tech-
niques has made such studies possible.

This brief description of our current genetics-
related research serves only to highlight our
progress. Major advances are closer now than
would have been envisioned only a few years ago.
It is exciting to imagine the discoveries that
might be included in a similar review two years
from now.

Liane B. Russell is head of the Mammalian
Genetics and Development Section of the
Biology Division. She came to ORNL in 1948
and shortly thereafter received her Ph.D. in
zoology and genetics from the University of
Chicago. She has received a DOE Distin-
guished Associate Award and is a Senior
Research Fellow of Martin Marietta Energy
Systems, Inc. Her other honors include the
Mademoiselle Merit Award, the international
Roentgen Medal, and election to the Hunter
College Hall of Fame and the National Acad-
emy of Sciences.

R. Julian Preston’s biographical sketch is on
p. 19, following his articie on ‘“Chromosome
Alterations and Cancer.”
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Using a high-
powered light
microscope,
Julian Preston
searches for
chromosome
changes induced
by radiation,
chemical agents,
or restriction
enzymes.

16

Chromosome
and Cancer

By R. Julian Preston

hromosome alterations have been

observed in all types of tumors

studied. In addition. cells of some

tumor types, particularly leukemias
and lymphomas, show specific chromosome
changes. For chronic myeloid leukemia in hu-

the specific change is a translocation (ex-

change of chromosome ends) between chromo-
some 9 and chromosome 22.

Scientists are trying to determine whether such
chromosome changes are involved in the induc-
tion, growth. and spread of a tumor or are a secon-
dary effect of the transformation of normal cells to
tumor cells. Determining the mechanisms by
which specific chromosome changes might be
produced or induced in cells is essential to better
understanding the etiology of cancers and may

Alterations

Jead to improvements in cancer treatment or pre-
vention methods.

We have used a variety of approaches to ad-
dress the question of how specific chromosome al-
terations are produced and what role these altera-
tions might have in cell transformation in mouse
or rat model systems. Initially, we sought to deter-
mine whether spontaneous chromosome altera-
tions or those induced by radiation or chemical
agents resulted from errors during the cell’s natu-
ral repair of DNA damage and/or mistakes during
the cell’s DNA replication process, when the DNA
template is damaged by breaks or altered DNA
bases. By using DNA repair/replication inhibitors,
we have demonstrated that, for animals exposed to
radiation, the majority of chromosome alterations
arise from mistakes during the excision repair of

damaged DNA bases. But for ani-
mals exposed to chemical agents.
the majority of the chromosome
alterations are produced by errors
of replication at the sites of DNA
damage. Thus, any induction of
specific chromosome alterations by
radiation should reflect patterns of
DNA repair, whereas nonrandom
alterations caused by chemical
agents should reflect patterns of
DNA replication.

To gain a better understanding of
these phenomena at a molecular
level, Richard Winegar (a graduate
student at the University of
Tennessee—Oak Ridge Graduate
School of Biomedical Sciences)
and I designed a novel approach
using restriction enzymes.

Restriction endonucleases are the
enzymes used in recombinant DNA
techniques, because they can recog-
nize specific sequences of DNA
bases—adenine (A}, guanine (G),
cytosine (C), and thymine (T)—and
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Targets for
Mutagen :sis

By Gary A. Sega

nvironmental chemicals can damage

chromosomes in somatic (body) cells

and in germ (sex) cells, which pass

traits from one generation to the next.
If damage to the germ-cell chromosomes is severe
enough, dominant-lethal mutations can result,
causing the embryos to die before birth. Damage
may also involve chromosome breakage and ex-
change (reciprocal translocation), changes that can
be passed on to the next generation, usually caus-
ing some sort of detrimental effects. Alternatively,
the damage may involve a very small chromo-
somal region, perhaps even a sin;  deoxynucleo-
tide (a building block of genetic material), giving
rise to a single-gene (specific-locus) mutation.

In the development from stem cells to spermatid
cells to functional sperm cells (spermatozoa), the
male germ cells of all mammals progress through
a series of similar stages. For this reason, the male
mouse has proved to be an excellent experimental

model from which to project the effects of various
external agents (radiation or chemicals) on the
male germ cells of humans. Many studies have
been carried out in mice using a variety of chemi-
cal agents that produce differential genetic sensi-
tivity in the various germ-cell stages, depending
on the agent being tested.

In studies of the genetic effects of chemical
agents in mice, the exposure given to the animals
(by injection, inhalation, skin application, etc.) is
accurately known. However, we know almost
nothing about the molecular dose of the chemical
that actually reaches the cells at various stages of
development (see figure below). We believe the
variability in genetic sensitivity (e.g., chromosome
damage) among different germ-cell stages may
depend on the availability of the chemical at those
stages, the molecular targets of the chemical at the
various stages, and the possibility of lesion repair
at specific germ-cell stages.
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Some chemical mutagens bind to a sperm protein, not DNA,
during one stage of a mouse’s development.

hospitals, and acrylamide, which is used in
paper processing and water treatment.
Genetic studies had already shown that these
chemicals were especially active in inducing
dominant-lethal mutations in late spermatid
and early spermatozoal stages, and we
wanted to find out why this was so.

After exposing mice to the Gary Sega Injects

radioactively labeled mutagens, sperm were a sample of
recovered from the animals at intervals after hydrolyzed DNA
exposure and assayed to determine the into a high-
amount of chemical that was bound (alkyla- performance
tion). For these powerful mutagens, we liquid chroma-

tography system
used to separate

found a dramatic increase in chemical bind-
ing during the late spermatid or early sper-

To study the molecular events that occur within
mouse germ cells exposed to chemical mutagens,
we use radioactive labeling of chemical agents
known to be mutagenic in germ cells. We have
studied a number of chemical mutagens in which a
radioactive atom. either tritium or carbon-14 . has
replaced a corresponding nonradioactive atom
(hydrogen or carbon-12) in the molecule. The
amount of radioactive chemical taken up by the
germ cells can then be traced by techniques such as
liquid scintillation counting, which monitors the
beta particles (electrons) emitted from the labeled
atoms.

These techniques have been used with a number
of mutagenic chemicals. including ethylene oxide
(EtO). which is widely used in the manufacture of
other industrial chemicals and as a sterilant in
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matozoal stages (at least an order of magni- VZI’IOUS DNA
tude more binding than in other stages). adducts produced
. . . by chemical
Thus, a correlation exists between increased
mutagens.

genetic damage and increased levels of
chemical binding to the sensitive stages.

To further characterize the molecular
nature of the lesions in the germ cells, DNA
(deoxyribonucleic acid. the genetic material
that comprises the chromosomes found in
every cell) was extracted from the germ cells
at different stages and assayed for the
amount of bound chemical mutagen. To our

amazement, the amount of chemical bound to
DNA represented only a very small fraction of the
total chemical bound to the germ cells. Further-
more, we observed no increase in DNA alkylation
in the most sensitive stages (late spermatid and
early spermatozoal).

These surprising results forced us to look for
alternative molecular targets for mutagenesis
within the germ cells. It was already known that in
mid- to late-spermatid stages of mammals, the
usual chromosomal proteins (histones) are replaced
with small, very basic proteins (protamines) whose
amino acid composition is more than 50% argin-
ine. In addition. mammalian protamines contain
cysteine; in fact, the cross-linking of the cysteine
amino acids in protamine (through disulfide-bond
formation) gives mammalian spermatozoa their
keratin-like properties, similar to some of the
properties of fingernails and hair. Because
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Model for the
chemical alkyla-
tion of chromatin
in late spermatid
and early
spermatozoal
stages, leading to
chromosome
breakage and
dominant
lethality.
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protamine contains nucleophilic sites (e.g., the
sulfhydryl group in cysteine), we reasoned that it
might be a target for attack by EtO, acrylamide,
and other chemicals.

When we purified protamine from sperm recov-
ered at various intervals after chemical treatment,
we were excited to find that the level of mutagen
bound to protamine increased greatly in the most
sensitive germ-cell stages (late spermatid and
early spermatozoal). The amount of mutagen
bound to protamine paralleled precisely the total
amount bound to the sperm. In fact, for chemicals
that have their greatest effect in late spermatid or
early spermatozoal stages (e.g., EtO and acryl-
amide), we have found that almost all of the bind-
ing in the sensitive stages can be attributed to
interaction with protamine.

To determine the critical binding locations of
mutagens on protamine, we hydrolyzed samples

recovered from animals exposed to various agents.

Hydrolysis of the protamine (in which chemical
bonds are broken by addition of water molecules)
breaks it into its constituent amino acids, some of
which have sites containing the radioactive
adducts formed during sperm exposure to the
labeled mutagens. By analyzing the protamine
hydrolyzates using an amino acid analyzer and

(A) Normal

f-s-s+4

thin-layer chromatography, we have shown that
the mutagenic chemicals do, in fact, bind to the
sulfhydryl groups in cysteine.

These findings have led us to postulate a model
for the binding of certain chemicals to mouse
chromatin (chromosomal material) in germ-cell
stages that express mutagen sensitivity as chromo-
some breakage and dominant lethality. In the
figure below, the pairs of solid lines in our model
represent double-stranded DNA and the broken
lines represent the associated germ-cell protamine
(which replaces the histones in mid- to late-sper-
matid stages). The sulfhydryl (-SH) groups are
part of the cysteine residues in the protamine, and
chemical binding is represented by alkyl (-Alk)
groups. In normal nuclear condensation (A), the
sulfhydryl groups of cysteine cross-link to form
disulfide bridges in the chromatin. However, if
chemical binding to a nucleophilic sulfhydryl
group occurs before a disulfide bond has formed
(B), cross-linking of the sulfhydryl groups cannot
take place. This situation could lead to stresses in
the chromatin structure that eventually produce
either a single- or double-strand DNA break. The
end result would be a dominant-lethal mutation or
chromosome translocation.

Clearly. not all mutagenic chemicals act by the
mechanism described here, and other molecules
may be binding targets in other germ-cell stages.
However, these observations of the strong binding

of some chemicals to sperm protamine in
mammals enhance our understanding of
mutational processes in male mammalian
#1  germ cells. Our results also suggest that
{ failure to detect binding of a specific chemi-
cal to DNA does not prove that exnosure to
that chemical has not occurred

Gary Sega, who has a Ph.D. degree in
genetics from Louisiana State University,

S_i has been a research staff member of the

Mammalian Genetics and Development
Section of ORNL’s Biology Division since
1973. He is a member of the National
Research Council’s Subcommittee on
Safe Drinking Water and DNA Adducts.
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Special Properties of Numbers

By V. R. R. Uppuluri

11

11

11

11

11

11

11

A number is divisible by 11 if, and only if, the sum of its odd-numbered
digits (first, third, fifth, etc.) differs by a multiple of 11 from the sum of its
even-numbered digits (second, fourth, sixth, etc.). For example, 3080 is
divisible by 11, while 3180 is not. Using this principle, it can be determined
that 31,680 nine-digit numbers are divisible by 11, no digit is equal to zero,
and no two digits in these numbers are alike.

Some numbers have special or unique properties. For example, 81 has the
special property of being equal to the square of the sum of its two digits:

8l1=8+1)=9.
This is the only two-digit number having this property.

Three four-digit numbers have the special property of being equal to the
square of the sum of the number obtained by splitting the number into two
halves and adding the two parts. These are:

2025 = (20 + 25)*= 452,

3025 = (30 + 25)= 552,
and 9801 = (98 + 01)* = 99°.
The only two six-digit numbers having this property are:

494209 = (494 + 209)* = 7032

and 998001 = (998 + 001)* = 999,

11

11
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Paul Selby
watchfully
examines two
mice, one of
which (left) has a
misshapen head
caused by a
mutation.
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Mouse Models of
Human Genetic Disorders

By Walderico M. Generoso and Paul B. Selby

utagenesis research in mice has

two major objectives: evaluating

genetic risk and understanding

basic mammalian biology. The
ultimate goal is to apply these findings to improv-
ing human health. Mouse mutagenesis research
contributes to the understanding of developmental
anomalies by studying the nature and effects of
mutations and the mechanisms of mutation induc-
tion and transmission.

In both mice and humans, mutations often cause
developmental anomalies. such as a defective
limb. Understanding the series of processes by
which any given mutation produces a congenital
anomaly is a major undertaking and one of the
most difficult challenges in mammalian biology.
These processes are complex, and studying them
in humans is generally not feasible. Analogous
mutants in laboratory mammals provide our best

research opportunity. Mouse mutants, in particu-
lar, are valuable because of a relatively rich ge-
netic linkage map and because we have extensive
biochemical and molecular genetics information
on mice.

Four of the developmental mutants in mice that
we and our collaborators are currently investigat-
ing are classified as chromosome rearrangements
(transpositions of chromosome parts), and one is
classified as a dominant gene mutation (or “small
deficiency™).

One of these mutants has an appendicular ab-
normality in which the hind legs are splayed and
toes on all legs are stubby and sometimes fused.
This anomaly is expressed in the homozygous
state (inheritance from both parents) of a re-
arrangement involving two chromosomes. The
chromosome rearrangement “unmasks” the ex-
pression of the recessive /d (limb defect) gene.
The molecular mechanism by which this occurs is
of particular interest, because the human genome
carries a considerable load of deleterious recessive

genes that are masked
in the heterozygous
| (inheritance from one of
the parents) state.
Several recessive
! limb-deformity muta-
tions are known in hu-
mans. Our limb-defect
) rearrangement mutant
¥ stock is currently being
investigated for possible
analogy with a human
mutation.

In the past, it was
generally believed that,
except for reduced fer-
tility, heritable recipro-
cal chromosome
translocations had no
harmful effects in
heterozygotes. An in-
creasing number of
exceptions have now
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been demonstrated both in mice and in humans,
raising the possibilities that (1) certain chromo-
some rearrangements affect gene expression and
that (2) some human genetic disorders assumed to
be the result of single-gene mutations may instead
be linked to chromosome rearrangements that
have dominant effects.

The mouse diver mutant carries a reciprocal
chromosome translocation and exhibits subtle
neurological symptoms. as well as an inability to
swim. Serendipitously. one of the breakpoints of

the rearrangement is closely linked to the // locus.

whose molecular structure is being studied by
Richard Woychik of the Biology Division, The
diver mutant promises to be a valuable model for
studies of both the biochemical mechanisms re-
sponsible for neurological manifestations and the
molecular alterations at the chromosomal break-
points that lead to dominant expression of the
rearrangement.

Most individuals having a heterozygous recip-
rocal translocation do not. themselves. exhibit an
abnormality other than reduced fertility resulting
trom early embryonic death. In most cases of
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Mouse models of human malformations provide
valuable tools for understanding hereditary disorders in people.

chromosomal imbalance. the embryonic death is
so early as to go unnoticed and have little or no
medical importance. However, among humans,
certain individuals having chromosomal imbal-
ance survive and must cope with their congenital
malformations, posing a health care problem. Our
systematic study has revealed that translocations
producing these congenital defects are far more
trequent than previously thought. Consequently,
we need to determine the cytogenetic nature of
these rearrangements and the meiotic processes
that are responsible.

In addition to being the subjects of fundamental
studies, these chromosome translocation stocks
are a dependable source of specific maltormations.
Collaborators trom other institutions use them as
models for studies of morphogenesis (the
formation and differentiation ot cells making up
tissues and organs) that could not be carried out
using human subjects. Joe C. Rutledge. of the
University of Washington School of Medicine in

K. T. Cain
compares a limb
deformity mutant
with a normal
mouse.
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BOIN tne mouse
fetus (left) and
human fetus have
the exposed brain
syndrome, or
neural tube
defect.

Mouse skeleton
with insets
showing normal
skull (left) and
skull with
cleidocranial
dysplasia (note
hole in center
skull where bone
plates are
incomplete).

26

BIOLOGY RESEARCH

Seattle, is collaborating with us on an animal
study of an exposed-brain defect that is also com-
mon in humans (see figure on this page). We are
trying to determine whether the malformation
arises directly from faulty bone structure in the
skull or indirectly from a defective neural tube.

Another translocation defect in mice that we are
studying is clefting of the palate that extends ex-
ternally along the snout. Similar facial clefting
occurs in humans (see figures on p. 27). We are
collaborating with Kathy Sulik, of the University
of North Carolina Medical School at Chapel Hill,
to study the morphogenesis of this defect, and we
are comparing our rearrangement stock with a
transgenic stock that has similar facial clefting.

Mice and humans have basically similar skele-
tons. Furthermore, many mutagen-induced skeletal
mutants in mice have malformations analagous to
some seen in humans. In both species, the inheri-
tance of the disorders is often irregular. That is,
sometimes an individual carrying the mutation ap-
pears normal. When the malformation is present,
the severity often varies greatly from one individ-
ual to another, and the reasons for this variation
are not understood.

Another mouse mutant being used in studies of
abnormal development shows a condition called
cleidocranial dysplasia, which has an exact human
homolog (see figure below).This mutation, which
was found by Paul Selby, is either a gene mutation
or a “small deficiency.” In both species, some or
all mutants show incomplete development of the

clavicles (collar bones) and many other effects.
People with the disorder can often almost touch
their shoulders together and have many of the mal-
formations seen in mice, which include a charac-
teristic hole in the skull, extra subdivisions of
skull bones, poorly developed nasal bones, and ab-
normalities of the shoulder blades, hip bones, and
vertebrae.

Currently, there is a surge of interest in studying
these mouse mutants associated with developmen-
tal defects. Newly induced mutations that have
dominant effects are most important in terms of
risk to the next generation. Chromosomal rear-
rangement mutants are particularly valuable, be-
cause the breakpoints mark the genetic locations
of the defects and provide a convenient starting
point for molecular studies. Our systematic col-
laborative approach that combines genetic,
cytogenetic, anatomical, and molecular studies
should make valuable contributions toward
understanding the complex pathway involved in
abnormal development.

There are three generally recognized methods
for inducing congenital anomalies in laboratory
mammals. Conventional teratogenesis studies (i.e.,
studies involving the treatment of pregnant fe-
males) are known to produce high frequencies of
fetal malformations, particularly when the female
exposure to radiation or chemical agents occurs
during the period when their embryos are forming
major organs (between days 6 and 13 of gest:
in: * ). Second, exposures of parents to certain
mutagens before mating are also known to cause
congenital anomalies. The third common method
for producing developmental mutants for basic
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studies is the integration of transgenes
(exogenous, or foreign DNA sequences) into
the mouse genome.

In our research, we developed yet another
method when we discovered that high frequencies
of varied fetal malformations were induced by al-
lowing the female mice to inhale high concentra-
tions of ethylene oxide (EtO) near the time of egg
fertilization or during early stages of zygote devel-
opment. The fetal malformations produced are
similar to common sporadic human defects for
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which the etiology is usually unknown. Ethyl
methanesulfonate (EMS). another mutagen. pro-
duces similar effects when administered intraperi-
toneally. The EtO findings are particularly impor-
tant, because this industrial chemical is used ex-
tensively as a sterilizer in hospitals.

In studying the possible mechanisms for this
embryopathic phenomenon, we conducted a recip-
rocal zygote-transfer experiment, which showed
that the effects were not mediated by the maternal
environment. We also did a first-cleavage cyto-
genetic study, which found no obvious chromo-
some aberrations. Thus, although the evidence
suggests a genetic basis for the malformations, the
mutagenic damage is of a type not yet identified
in mammalian mutagenesis. Robert K. Fujimura,
a member of the Biology Division group doing
these studies, is currently investigating the pos-
sible molecular mechanisms.

Our findings are of major interest in evaluating
the safety of these chemicals and in studying the
etiology of congenital abnormalities. They
raise questions regarding the vulnerability of hu-
man zygotes when the mother is exposed to such
environmental chemicals. Our research on the
mechanisms involved may lead to greater under-
standing of the human congenital malformations
for which the etiology is still unknown

Walderico M. Generoso, a senior scientist in
ORNL’s Biology Division, is a native of the
Philippines and holds a Ph.D. degree in genetics
from the University of Missouri. He has edited
three books on mutagenesis, has participated in
studies for the National Academy of Sciences,
National Research Council, and the Environ-
mental Protection Agency, and currently

serves on the editorial boards of three biology
journals.

Paul B. Selby, a senior scientist in ORNL’s
Biology Division, is a recipient of DOE’s pres-
tigious E. O. Lawrence Memorial Award.
Selby, who holds a Ph.D. degree in biomedical
sciences from the University of Tennessee, is a
member of the U.S. delegation to the United
Nations Scientific Committee on the Effects of
Atomic Radiation and has served on commit-
tees appointed by the National Research
Council and the National Council on Radiation
Protection and Measurements.

The mouse at left
has normal facial
structure. The
mouse at center
and human at
bottom display
the same type of
facial develop-
mental abnormai-
ity, known as
frontonasal
dysplasia.
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E. M. Rinchik
investigates the
composition and
structure of
genetic regions of
mutant mice to
better understand
the function of
specific genes

in normal
developmental
processes.
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Mouse G 'nmome
Characte~ization

By Eugene M. Rinchik and Liane B. Russell

he genome—the sum of all genetic

information contained within each

cell—plays a critical role in the life

cycle of all living organisms. The
human and other mammalian genomes are ex-
tremely complex, both in their organization and
structure at the DNA level and in the functions
and developmental processes that they must
specify and regulate throughout life. Nonetheless,
the genomes of all mammals (including man) have
much in common, making it possible to use non-
human mammals as model systems for basic
genome research.

Mice are desirable experimental substitutes, or
models, for the study of normal and abnormal
human developmental processes (including proc-
esses often associated with certain genetic abnor-
malities and diseases). They are easily managed
experimentally and are similar to humans in many
aspects of anatomy, biochemistry, and physiology.
In the Biology Division, we are currently applying
strategies of molecular developmental genetics
to the mouse model system to obtain basic

information about the composition and structure of
regions of the mouse genome. Our approach em-
phasizes the study of mutations, which often result
in aberrant developmental processes, to learn more
about the corresponding normal life processes.

Heritable mutations can often define and clarify
the genetic control of individual developmental
pathways by creating abnormal phenotypes (new
variations of an organism resulting from changes
in its basic genetic information, usually called its
genotype) that can then be compared with those
specified by the normal genome. Consequently,
our research strategies include the detection,
molecular and functional characterization, and
experimental exploitation of germline (heritable)
mutations of the mouse. These strategies are yield-
ing valuable insights into the normal composition
and function of segments of the mammalian
genome.

Extensive mutation-rate experiments, designed
to test for the potentially adverse genetic effects of
various types of radiation and chemical mutagens,
have been carried out in the Mammalian Genetics
and Development Section of ORNL’s Biology
Division for nearly four decades. Most of this
work has concentrated on deriving quantitative
measures of mutation rates. However, many of the
mutations obtained in these experiments have been
preserved through propagation in breeding stocks
or through storage as frozen eight-cell embryos
and constitute a type of organic “bank” of genetic
lesions and their associated physical effects.

A wide variety of mutagenic effects is stored in
these stocks, ranging from relatively “simple”
changes in coat color or ear length to extremely
severe effects, such as skeletal or neurornuscular
abnormalities and stage-specific embryonic, fetal,
newborn, or juvenile death. Mutations manifesting
even the most “minor” of effects can identify
genes at loci (locations) within the genome that
contribute to a specific process, serving as genetic
“markers” to researchers studying that process.
For example, mice carrying the se (short-ear)
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mutation in chromosome 9 also exhibit associated
abnormalities in the entire cartilage skeleton, as
well as the obvious defect in ear length.

In addition to measuring mutation rates and
characterizing and preserving mutant stocks, the
Biology Division’s Mammalian Genetics and De-
velopment Program continues to generate new
mutations, which either define new loci within the
genome (hence, new identifications of correspond-
ing biologic processes) or provide variants that
differ in severity of effect or degree of phenotypic
complexity at already-defined genomic loci. We
have been able to develop and use specific breed-
ing protocols that preserve even highly detrimental
mutations indefinitely, making them available for
future genetic studies.

Radiation-induced lethal mutations that have
occurred at several specific regions within the
mouse genome comprise an important subset of
these heritable mouse abnormalities. The muta-
tions are termed “lethal” because the animals that
carry them die prematurely at various life-cycle
stages (depending on the mutation), unless the
wild-type (normal) counterpart of the gene is also
present. Our extensive genetic analyses of muta-
tions of this type have revealed that most are
“muttilocus” deletions of entire genomic regions
and that many genes (hence, functions) are miss-
ing. For example, a certain radiation-induced muta-
tion at the ¢ (albino) locus and one at the p (pink-
eyed dilution) locus, both in chromosome 7, to-
gether delete ~15% of the genetic material nor-
mally contained within that chromosome, corre-
sponding to ~0.6% of the entire genome. Our ge-
netic analyses of these mutations have provided
evidence for many previously undescribed genes
that control specific aspects of normal embryonic,
fetal, and neonatal development; fertility; metabo-
lism; juvenile fitness; neurological well-being; and
pigment-cell structure and biochemistry.

We are currently conducting a detailed molecu-
lar and functional analysis of the fraction of the
mouse genome associated with this type of
radiation-induced deletion mutations. New
dimensions have been added to our studies through
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Missing mouse gene sequences are associated with abnormalities.

the constant evolution and improvement of mo-
lecular biology techniques. We are now better able
to identify and biochemically characterize single
genes and to correlate our genetic analyses of basic
DNA defects (i.e., mutations) with the organic
consequences of such defects.

Our experience has repeatedly shown that dele-
tion mutations are ideal “reagents” for beginning
the molecular analysis of a specific chromosomal
region and its associated genes. As one example,
we are currently isolating DNA clones from librar-
ies enriched for chromosome-7 regions or sub-
regions to identify the DNA sequences that are
missing in the ¢ and p deletions already discussed.
New techniques such as fluorescence-activated
chromosome sorting and chromosomal microdis-
section and microcloning (in collaboration with
T. Magnuson at Case Western Reserve University)
are being used to construct these ¢- and p-region—
enriched libraries. The direct mapping of DNA
clones to region-specific deletion mutations, along
with other new genome-analysis techniques, al-
lows us to bypass the more laborious standard
genetic linkage experiments. Our “deletion-
mapped” DNA clones can then be used as molecu-
lar access points to begin identifying and charac-
terizing the individual genes and functions associ-
ated by genetic analysis with the multigene-
deletion mutations.

The molecular detection of chromosome dele-
tions employs a sequence of sensitive biochemical
manipulations. In the “Southem blotting” method,
DNA is first chemically isolated from tissue of a
laboratory mouse and fragmented by digestion
with an enzyme, restriction endonuclease. The
digestion process breaks the DNA at specific sites,
yielding a population of double-stranded DNA
fragments of various lengths. The fragments are
then incorporated in an agarose gel, separated
according to size by an electrophoresis process,
transferred and bound to a nylon support mem-
brane, made single-stranded, and “hybridized” to a
specific radioactively labeled DNA fragment
“clone.”
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Mutant mouse
strains missing a
specific cloned
DNA sequence
are identified by
the five empty
spaces in the top
row of this X-ray
image. The band
images shown
here are pro-
duced by radioac-
tively labeled
DNA fragments
from 11 labora-
tory animals.
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The labeled DNA clone bonds to the correspond-
ing single-stranded genetic fragment of mouse
DNA under investigation, and the excess (un-
bonded) radioactive DNA fragments are removed
by washing. The remaining bond¢ -adioactive
genetic sequence produces horizontal band images
on X-ray film like those shown in the figure below.
Each vertical “lane” of this X-ray image represents
DNA fragments from one test animal. The upper,
heavier bands in each lane are prc  ced by a spe-
cific chromosome-7 gene sequence, and the lower,
paler bands represent a chromosome-9 sequence
used as a control. If the mouse DNA gene sequence
that corresponds to the radioactive *“clone” is miss-
ing (deleted), no band image appears in that posi-
tion. Researchers then compare the X-ray images
produced by both “wild-type” (normal) and mutant

mouse strains to identify the gene sequences and
locations associated with particular abnormalities.

The study that produced the images shown here
involved DNA fragments from 11 mice. Lane 1
(extreme left) is derived from a normal mouse and
lanes 2 through 11 are from mutants. The mutant
strains represented by lanes 5 through 9 are missing
this particular chromosome-7 gene sequence (miss-
ing bars in the top row). None of the mice in this
study have missing chromosome-9 genes (bottom
row).

Interestingly, previous genetic analyses have
demonstrated that male mice with this particular
chromosome-7 DNA deletion are albino, runted,
and sterile; female mice with this deletion are
albino, runted, and, although able to conceive, are
unable to maintain a normal pregnancy. By this
type of Southern blot analysis, we have been able
to determine that this particular cloned fragment of
chromosome-7 DNA (our probe) is derived from
the chromosomal subregion associated with these
abnormalities.

While the radiation-induced deletion mutations
are excellent tools for in-depth molecular study of
regions of the mammalian genome, our research-
ers also use them in saturation-mutagenesis ex-
periments. The long deletions are again exploited
as special “genetic reagents.” In this case, they
enable us to refine the genetic and functional map-
ping of chromosomal regions even further, by
detecting newly induced, single-gene mutations
(in contrast to the previously discussed multi-gene
deletion mutations) that result in specific, charac-
teristic, mutant phenotypes. As our molecular
maps become more detailed and more complex,
our bank of individual-gene mutations that specify
particular mutant phenotypes will comprise the
next generation of genetic reagents to be used for
the ultimate correlation of DNA composition with
”  tion.

We believe our integrated molecular and ge-
netic analyses of mouse-genome deletion muta-
tions will contribute significantly both to the
analysis of other complex genomes and to basic
research in human genetics and biology. Studies of
some of the mouse mutations (and their corre-
sponding abnormal DNA sequences) will be use-
ful models for investigating human genetic disor-
ders and abnormalities and will aid researchers in
augmenting the already-recognized homologies in
genome structure and function that exist between
mice and humans.

Our molecular and functional characterizations
of regions of the mouse genome also have the
potential for ascribing functions to human
genomic sequences that might otherwise remain
unknown or be characterized at a less-specific
level. Geneticists have only begun to define and
understand the biological complexities of the
mammalian genome. and we anticipate exciting
progress in this area.

E. M. (Gene) Rinchik, a researcher in the
Mammalian Genetics and Development

Section of the Biology Division, came to ORNL
in 1987. He has a Ph.D. degree in genetics from
Duke University.

Liane B. Russell's biographical sketch is given
on p. 15.

Oak Ridge National Laboratory REVIEW




HYBRID
SPECTROCHEMICAL
SEQUENCE ANALYSER

T. Vo-Dinh

NEW SEQUENCING
TECHNOLOGY

M. Uziel

K. B. Jacobson

DNA SEQUENCING RUMAN GEL-LESS
USING STABLE ISOTOPES GENOMIE HIGH-SPEED SEQUENCER
WW[E J. B. Davidson

STRUCTURAL BIOLOGY
DNA-CARCINOGEN INTERACTIONS

B. E. Hingerty
NUCLEOSOME STRUCTURE
G. J. Bunick

SCANNING TUNNELING
MICROSCOPY

R. J. Warmack
T. L. Ferrell

This schematic shows ORNL work related to characterizing the human genome. This work is
supported by the ORNL Director’s R & D Fund. For an overview, see the following article.
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Pursuing Biology’s

Holy Gralil

Compited by Carolyn Krause

ne of the most recent and exciting

U.S. science initiatives is the Human

Genome Project. The human

genome, which has been called the
“holy grail” of biology, is the complete set of
genes responsible for the development and func-
tioning of a human being. The goal of the national
project is to determine the chromosomal locations
and molecular composition of the 50,000 to
100,000 genes and regulatory elements that make
the human genome. The main justification for the
$3 billion project is that knowledge of gene loca-
tion and structure should greatly improve the diag-
nosis and treatment of most human diseases, rang-
ing from single-gene disorders such as cystic fi-
brosis to complex illnesses such as cancer.

The Human Genome Project is formally di-
rected by the National Institutes of Health, with
input and funding from the Department of Energy.
Two DOE national laboratories—Lawrence
Berkeley and Los Alamos—have been designated
human genome research centers.

However, several other national labs, including
ORNL. are conducting research related to charac-
terizing the human genome. Six ORNL research-
ers doing genome-related research—Gerry Bunick
of the Solid State Division, Jack Davidson of the
Instrumentation and Controls Division, Brian
Hingerty of the Health and Safety Research Divi-
sion, Bruce Jacobson of the Biology Division,
Mayo Uziel, and Tuan Vo-Dinh, both of the
Health and Safety Research Division—are sup-
ported in their work by the ORNL Director’s
Research and Development Fund. In addition to
this work related to “sequencing technologies.”
important research on “mapping” as well as se-
quencing the mouse genome is being conducted
by Liane B. Russell and E. M. (Gene) Rinchik of
the Biology Division (see article on p. 28). The
scanning tunneling microscope in the Health and
Safety Research Division, which recently imaged
the tobacco mosaic virus with a resolution of
0.1 nm, may also be usetul for imaging and
sequencing DNA bases.

Human genome research focuses on mapping
and sequencing the genome. Two kinds of maps
are being developed: ““physical maps,” which
show the locations of specific genes on specific
chromosomes, and “genetic linkage maps,” which
associate specific genes or parts of chromosomes
with certain inherited functions or disorders (e.g.,
color blindness or manic depression). Chromoso-
mal locations of more than 1215 genes. including
those responsible for 20 common genetic diseases,
have already been determined.

Sequencing involves determining the order of
nitrogenous bases attached to DNA’s phosphate
backbone. The order of these bases can determine
the order of amino acids in more than 50,000
different proteins that carry out life’s processes.
The total human cellular DNA is a linear sequence
of roughly 3 billion pairs of bases packaged into
23 pairs of chromosomes (including a pair of sex
chromosomes). There are four different DNA
bases—adenine (A), thymine (T), cytosine (C),
and guanine (G), which may be arranged in many
different sequences. A fifth base—5-methylcyto-
sine (m°C)—usually acts the same as regular cyto-
sine in double-stranded DNA, but it also appears
to play a role in controlling gene expression. The
DNA molecule consists of two strands that are
connected by hydrogen bonding of the bases
across the strands to give the familiar double he-
lix. Since base A generally pairs with T (TA or
AT), and C with G (CG or GC), the sequence of
bases in one strand will determine the sequence in
the other strand, thus allowing for the faithful re-
production of the DNA molecule. Each gene has a
particular sequence of bases, and determining this
for each gene is called sequencing.

In his article, *The Human Genome Project,”
published in the September—October 1988 issue of
American Scientist, Charles DeL.isi, a former DOE
official who started the Human Genome Initiative
in DOE, writes, “Humans differ from their closest
evolutionary neighbors by approximately one base
in 100: unrelated humans differ from one another

Oak Ridge National Laboratory REVIEW







34

BIOLOGY RESEARCH

most rapidly under the influence of the electric
field and, along with the others, is detected by au-
toradiography (images produced on X-ray film by
beta radiation from the phosphorus-32). If the
smallest fragment is in the C lane, then the first
base in the DNA strand is a C. The lane location
of the next smallest fragment (one base longer
than the first) indicates the name of the second
base in the strand, and the others are identified in
the same manner. By reading the radiation band
patterns on X-ray film of a gel, a technician can
determine the base sequences (see figure on p. 33).

In the Sanger chain-terminating technique, the
sequencing fragments are formed by incorporation
of nucleotide analogs during DNA synthesis.
These analogs prevent further elongation of the
DNA chain during replication of the DNA seg-
ment of interest and form a random set of oligode-
oxynucleotide fragments differing in length by one
nucleotide. Like the Maxam-Gilbert technique, the
Sanger manual sequencing technique requires
several steps to complete the process.

Although sequencing methods based on radio-
active labels are extremely powerful, they have
several limitations. The radioactive isotopes used
are unstable and expensive for large-scale applica-
tions, require handling by highly trained person-
nel, and may present a potential health hazard
when disposed of as waste.

The classical sequencing methods are *“off-line”
because the fragment detection pattern is captured
by a long-exposure film after the electrophoresis
has run for several hours. Newer “on-line” meth-
ods detect the fragments as they move in the gel.
Except for an EG&G system that detects the radio-
activity of conventionally labeled DNA segments,
most on-line systems utilize fluorescent tags.

Groups at the California Institute of Technol-
ogy, E. I. du Pont de Nemours & Co., Hitachi
of Japan, and the European Molecular Biology
Laboratory (EMBL) have developed the partially
automated “on-line” systems that use fluorescent
dyes. In 1986, Applied Biosystems, Inc., of Foster
City, California, developed the Caltech system
into the first commercial automated DNA

sequencer. This, and similar partially automated
systems, can sequence 200 to 500 bases a day.

DNA fragments tagged with fluorescent dye
molecules are detected by using an ultraviolet
laser beam to activate the fluorescent dye labels
and then measuring the light emission from each
label. The fluorescent dye tags are covalently
attached to the oligonucleotide primer used in
enzymatic DNA sequence analysis. Four different
types of fluorescent labels are used for each of the
reactions—one specific to each of the four bases.
The reaction mixtures are combined and moved by
electrophoresis down a single gel lane. The fluo-
rescence of the terminal base of each of the sepa-
rated fragments is detected sequentially near the
end of the lane, and a computer correlates the
color of the emitted light with the appropriate
base.

Developing new spectrochemical
schemes. Since the recent research efforts in
automation of DNA sequencing techniques and
the use of fluorescence labels, limited progress has
been made in developing advanced detection
technologies for DNA sequence analysis. How-
ever, improved technologies are needed to mini-
mize errors in fluorescence detection that result
from problems in fluorescent labeling and gel
resolution.

Improving the speed, accuracy, and efficiency
of currently available fluorescence techniques for
detecting bases is the goal of one ORNL research
group. Tuan Vo-Dinh and his associates in the
Health and Safety Research Division are examin-
ing the possibility of developing new spectro-
chemical schemes for DNA sequence detection
and combining them in a new instrument. Their
research is focusing on developing an integrated
instrument based on hybrid multiplex systems,
combining various spectrochemical detection
schemes using fluorescence, phosphorescence,
and Raman techniques.

One of the problems with the currently used
fluorescence detection for sequencing is that the
emission spectra of the different dyes overlap
substantially. Because of this effect, emission
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peaks corresponding to the presence of a single
dye are detected in more than one channel, some-
times leading to sequence errors. Vo-Dinh and his
associates in the Advanced Monitoring Develop-
ment Group—Randy Johnson, Job Bello. and
Henry Cheng—are developing new spectrochemi-
cal techniques that improve the accuracy of DNA
base sequencing. In a recent experiment, they
measured the conventional fixed-excitation and
synchronous luminescence spectra of three differ-
ent dyes—tetramethyl rhodomine isothiocyanate,
fluorescein isothiocyanate (FITC), and Texas Red
(TR)—used as fluorescent labels in DNA sequenc-
ing detection. Their recent success in obtaining the
synchronous luminescence spectrum of the dye
mixture (see figure above) shows that advanced
detection techniques could improve the spectral
resolution of the DNA base labels, increasing both
the accuracy and speed of sequencing.

Detecting nonradioactive sulfur isotopes
for sequencing. Another ORNL researcher is
trying to improve the safety as well as the accu-
racy of DNA base detection. Bruce Jacobson of
the Biology Division is working with Atom
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Sciences, Inc.. of Oak Ridge on a project that
should help meet two DOE goals: reduce the ex-
posure of researchers to radiation and sequence
the human genome. The problem is that many in-
vestigators using the radioisotopes phosphorus-32
and sulfur-35 may be exposed to increased radio-
activity in their efforts to speed detection of DNA
bases.

In the spring of 1988, Hal Schmitt, Atom
Sciences president at the time, and Jacobson
discussed the possibility of combining resonance
ionization spectroscopy (RIS) with mass spec-
trometry for DNA sequencing. RIS, a laser-based
technique invented at ORNL, is being used com-
mercially by Atom Sciences, an ORNL spin-off
company. The combined technologies can detect
and quantify virtually all the elements and distin-
guish between each of their stable (nonradioac-
tive) isotopes.

Once the question of using RIS and mass spec-
trometry for DNA sequencing was posed, the
collaborators focused on the four stable isotopes
of sulfur. If they could sensitively detect minute
quantities of nonradioactive sulfur-32, sulfur-33,
sulfur-34, and sulfur-36, these could be substituted
for the sulfur-35 radioisotope normally used in
sequencing. Calculations showed that RIS and
mass spectrometry combined could detect stable
sulfur isotopes at the same level (10 " mole) as
with the radioisotope.

Why sulfur? First, the chemistry for labeling
DNA with sulfur has already been developed.
[sotopes of carbon. hydrogen, oxygen, and phos-
phorus were also considered for this reason but
were discarded because they are normally present
both in the DNA and the electrophoresis gel. Nei-
ther of these contains sulfur, so detection informa-
tion is not obscured by background interferences.

In any DNA sequencing procedure, four types
of fragments are produced, depending upon
whether A, G, C, or T is the terminal base. Using
the radioisotope technique, these four classes of
fragments must be handled separately and com-
pared after electrophoresis, because they are
labeled by the same radioisotope.

During the conventional gel electrophoresis of
the DNA fragments, the shorter fragments migrate
faster and are more clearly separated than the

ORNL research

shows that ad-

vanced detection
techniques could

improve the

spectral resolu-
tion of fluorescent

labels for DNA

bases, increasing
both the accuracy

and speed of
sequencing.
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longer ones. The smaller fragments can be easily
compared, but the large pieces are too close
together to make meaningful lateral position com-
parisons across the four lanes, thus making accu-
rate sequencing difficult. No more than 300 to 500
fragments per gel can be accurately analyzed (i.e.,
300 to 500 bases is the maximum that can be
sequenced in one experiment).

However, because four stable isotopes of sulfur
are available, the terminal base of the four sets of
DNA fragments can be assigned a specific isotope
in the RIS/MS sequencing method, and then all
fragments can be combined for electrophoresis in
one lane, as in the fluorescent on-line method.
Besides reducing gel usage, this approach should
make it easier to obtain accurate information by
avoiding lateral aberrations between lanes.

Can RIS and mass spectrometry resolve the
larger, crowded fragments if they contain the four
stable sulfurs? Probably so, Jacobson believes. In
the first part of the analysis, the researchers plan to
use either a sputtering beam or a laser to bombard
the DNA sample. They calculate that by using RIS
and mass spectrometry, stable sulfur isotopes, and
one gel lane instead of four lanes, each experiment
can be done faster and will provide more informa-
tion than the conventional radioisotope sequencing
method.

In October 1988, the researchers started experi-
ments to determine the feasibility of their ideas.
By the middle of 1989, they expect definitive
results. Meanwhile, they are examining stable
isotopes of many other elements that could be
used to label DNA, because some of these can be
detected 100 times more easily by RIS than the
sulfur isotopes. To use these other isotopes, new
chemical procedures for labeling the DNA will be
necessary. Working out the new chemistry are
Gilbert Brown, Bruce Moyer, and Richard Sachle-
ben of ORNL’s Chemistry Division. How to at-
tach these isotopes to DNA is being examined by
Bob Foote of the Biology Division. DNA frag-
ment separation is being studied by Frank Larimer
and Richard Woychik of the Biology Division.
And RIS analysis is being adapted for DNA se-
quencing by Hal Schmitt, Heinrich Arlinghaus,
and Norbert Thonnard at Atom Sciences, Inc. If
the work succeeds, the investigators should in-

crease the rate of DNA sequencing and eliminate
the use of radioactive isotopes.

Two other ORNL researchers are working on
developing new sequencing techniques, including
one that detects modified DNA bases and one that
eliminates use of gel electrophoresis.

Analyzing modified DNA bases. Today’s
DNA sequencing technologies are limited. For
example, they are unable to distinguish between
normal cytosine, a DNA base. and 5-methylcyto-
sine, the modified, or methylated, version because
of the methods used to prepare DNA fragments for
sequencing.

The frequency and specific location (locus) of
5-methylcytosine within a DNA sequence have
been shown to govern the expression of a wide
variety of genes whose protein products are
responsible for characteristics ranging from eye
color to sex of the organism. Therefore, it is im-
portant to be able to distinguish between the meth-
ylated and nonmethylated cytosine bases to deter-
mine the part of the DNA sequence that might
control gene expression.

In a practical sense, DNA sequences from dif-
ferent people can vary both from genetic differ-
ences and from environmental conditions. When
cells are exposed to environmental chemicals
known to damage DNA, the level of DNA cyto-
sine methylation in daughter cells can be de-
creased significantly. Although disease cannot be
predicted on the basis of methylation level, it is
known that cellular characteristics change accord-
ing to the location and amount of methylation on
DNA. This kind of information will be valuable in
the future use of DNA sequence changes as diag-
nostic tools. One goal of ORNL's work for the
Human Genome Project is to develop chemical
methods that will determine the location of this
modified cytosine base in DNA. The project is
being carried out by Mayo Uziel of the Health and
Safety Research Division.

The approach Uziel and his co-workers will use
todeter e the positions of 5-methylcytosine
residues in human DNA is based on a two-stage
chemical process to remove the 3' terminal base
from all the DNA molecules in the sequencing
device. The two-step process provides a unique
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Global Environmental Studies
Center Established at ORNL

In May 1989, a Center for Global
Environmental Studies was established in
ORNL's Environmental Sciences Division.
Robert I. Van Hook, associate division director of
this division, was named coordinator. He reports
to Chester R. Richmond, associate director for
Biomedical and Environmental Sciences.

According to an announcement by Richmond.
“The interdisciplinary program will address
global environmental concerns including climate
change, ozone depletion, deforestation, ocean
pollution, desertification, biodiversity, and
resource depletion.

“The center’s efforts will be directed toward
environmental issues that are larger in spatial
scale and operate over [onger time periods than
traditional environmental concerns. The program
will build around a central theme of global
systems analysis utilizing ORNL’s strong
analytical capabilities and extensive experience in
applying systems approaches to landscape,
regional, and continental-level environmental
issues.”

Although ORNL has some of the finest mass
spectrometry capabilities in the United States,
their usefulness in the past has been limited by
inferior facilities and inaccessibility. This will no
longer be the case when the new Mass
Spectrometry Laboratory (MSL) opens its doors
sometime in the summer of 1989. The new
facility, located just south of Building 4500-S at
ORNL, will not only be more accessible to
Laboratory researchers, but will also be a “user-
friendly” facility available to qualified students,
professors, and industrial researchers on a
collaborative basis.

Mass spectrometry is one of chemistry’s most
powerful analytical tools, using various
technological approaches and instrumentation
designed to separate chemical components of a
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sample on the basis of their mass and charge
differences. Samples to be analyzed are first
ionized, then accelerated through magnetic and
electrostatic fields that deflect the charged ions,
separating them according to mass and charge.
Because some mass spectrometers can detect
components at the parts-per-billion level, they are
useful for characterizing materials. detecting
airborne pollutants, and measuring isotopic
abundances for reactor fuel certification or in
spent nuclear fuel examinations. Extremely
sensitive explosives detectors based on mass
spectrometry are being developed and may
someday prove useful for airport screening of
luggage to prevent terrorist attacks.

The new, state-of-the-art MSL will eventually
accommodate many types of mass spectrometry
research, with instrumentation for organic,
inorganic, isotopic, and surface analyses. It will
support laser-based. secondary-ion, ion-trap, and
Fourier-transform mass spectrometry operations.
The initial 6200-ft* facility, which will be opened
this summer, will house mainly organic mass
spectrometry research. A 7300-ft* addition for
inorganic mass spectrometry is scheduled for
completion in 1990. Total cost for the MSL will
exceed $2 million, and DOE will invest $1 millian
more in new instrumentation for the facility

Peter Todd

adjusts an organic
ion probe used for

determining
chemical
distribution in
tissue samples.
This instrument
will be in the
new Mass
Spectrometry
Laboratory.
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growth. Cellular changes can be followed from the
initial radiation-induced events through the pro-
gressive stages to malignancy. In addition, cells
can be removed from an animal, grown in labora-
tory media, treated, and returned to the host ani-
mal. Whereas most cancer research is confined to
the study of progressive changes in DNA, chromo-
somes, and cells, the technique of in vivo—in vitro
studies has demonstrated that it is the later
changes, some of which occur in the environment
of potential cancer cells, that determine whether
an overt cancer forms.

In their studies of mechanisms of radiation
carcinogenesis, R. J. Preston and W. K. Yang are
trying to identify the initial events, such as gene
activation and chromosome aberrations,
in four types of cancer. Although chro-
mosome aberrations are associated with
leukemias in both humans and mice, a
causal relationship between the induc-
tion of specific chromosomal aberra-
tions and the induction of a particular
cancer has not been proved.

A myeloid leukemia comparable to a
human leukemia type is found in certain
strains of mice, providing a good model
for studies of carcinogenesis mecha-
nisms. Preston and his colleagues have
found a specific chromosomal transloca-
tion (exc” ige of parts) in almost every
case of myeloid leukemia in the few
mice of the RFM strain that develop the
disease spontaneously (even without
exposure to radiation). The same chro-
mosome aberration is found in the same
type of leukemia occurring more fre-
quently in irradiated mice (see Preston’s
article on p. 16). Interestingly, in hu-
mans having chronic myeloid leukemia,
a specific oncogene (tumor-inducing
gene) appears to be involved, and the
same oncogene is also located on the
chromosome associated with the leuke-
mia in mice. Thus the mouse model
provides the possibility of clinching the
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ORNL'’s unique radiation carcinogenesis program ranges
Jrom molecular to large-scale animal experiments.

causal relationship biologists have sought. It may
also make it possible to show whether the mecha-
nisms for the induction of some cancers in humans
are the same as in mice.

Our studies span the range of current research
approaches to identifying the excess cancer risks
to human populations exposed to various types of
radiation, the natural controls of the cell's abnor-
mal behavior, and the causes of cell malignancies.
We also hope to convince our colleagues that the
mouse model provides cancer rick data that can be
reliably extrapolated to humans,

R. J. Michael Fry is head of the Cancer Biology
Section in the Biology Division. He came to
ORNL in 1977, after receiving an M.D. degree
from the University of Dublin in Ireland.

Mark Jernigan

places mice in a

holder before

exposing them to
X rays for cancer-

risk stuc
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perhaps more important, if either can be used to
extrapolate directly to humans. In the following,
we describe the history and results of our research
in testing the models.

In 1978, Michael Fry, a member of our research
team. posed an interesting question: What would
the estimates for human risk of radiation-induced
cancer be if no data from human populations ex-
isted and if only experimental data had to be used.
as is the case for estimating genetic risks? Fry then
proposed that the relative risk estimates would be
about the same for mouse and man. John Storer
said that Fry was daft. Nevertheless, Fry per-
suaded Storer to develop risk estimates for tumors
in those strains of mice for which adequate data
had been accumulated.

We had sufficient data to derive estimates for
three tumors, namely, acute leukemias and cancers
of the lung and breast in irradiated female mice of
the RFM and BALB/c strains. We then compared
our risk estimates to those reported for the Japan-
ese A-bomb survivors. The results, which amazed
Storer and pleased Fry, indicated that the relative
risks per unit dose in the mouse and human popu-
lations differed only slightly. We reported these
results in oral presentations and included them in
review articles. The results did not create much
excitement, however. because we only had data
for three tumors for female mice of two strains.

To subject our hypothesis to a more rigorous
test, we designed a study using male and female
mice from two additional strains, which were
known to develop a different spectrum of tumor
types and which showed major variations in the
spontaneous incidence of particular tumor types.
This latter point is of crucial importance in assess-
ing whether relative or absolute risk is the appro-
priate model for extrapolation. We also decided to
evaluate primarily those tumors that caused death
in the mice, making our data comparable with the
Japanese data. By reviewing all the individual
autopsy records for the two strains studied earlier
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A more nearly accurate approach has been developed for extrapolating
cancer risk data from mice to humans.

and classifying all the tumors as incidental or
fatal, we would thus have samples of mice for
females of four strains and males of two strains.
Our colleague, Toby J. Mitchell of the Engineer-
ing Physics and Mathematics Division, developed
a mathematical model for rigorous testing of the
extrapolation of absolute or relative risk of the
various tumors among the mouse strains.

Normally, this type of study takes about ten
years from initial concept to final publication; we
completed our study in only eight years (1980 to
1988). The National Cancer Institute provided
support, but it took time to get into the funding
cycle. We then built up stocks of mice that were
irradiated at the appropriate ages (by Mark Jerni-
gan of the Biology Division) and then were re-
turned to the animal facility. There Biology Divi-
sion members Lou Satterfield and Norman Bowles
checked the cages daily for dead or moribund
mice for four years (some mice of these strains
normally live that long) and autopsied all the ani-
mals to determine tumor types and causes of
death. Because of their extreme dedication and
diligence. we obtained autopsy information on
over 99% of the mice. Further, we also obtained
histological verification of the tumor types for
more than 98% of the animals. The final year was
spent doing data analysis and preparing our work
for publication. Our report, “Extrapolation of the
Relative Risk of Radiogenic Neoplasms Across
Mouse Strains and to Man™ (by J. B. Storer, T. J.
Mitchell, and R. J. M. Fry) was published in the
May 1988 issue of Radiation Research.

What were the results of the experiment, which
included data for 9763 mice? Eleven types of fatal
tumors occurred in sufficiently high incidence in
two or more strains to allow testing of the extrapo-
lation models. Two tumor types did not show an
increase with radiation exposure (neither are they
increased in human populations). For seven of the
remaining nine tumor types, our data showed that
the absolute risk model could be unequivocally
rejected as the appropriate method for extrapola-
tion. For the two tumor types for which absolute
risk was not rejected, the spontaneous incidence in
the different strains was similar.

“Whatever
causes an
animal
(including
man) to be

susceptible or
resistant to the

spontaneous
development

of a particular

cancer also

determines its

sensitivity to
cancer
induction by
exposure to
radiation.”
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systems because the various components involved
cannot be isolated and individually controlled.

One approach to examining cellular changes has
been the use of cell lines or primary cell isolates
grown in culture. Such in vitro analysis allows the
examination and quantification of many radiation-
induced cellular changes. The difficulty with in
vitro systems is that they do not allow us to study
the influences on tumor production of secondary
host factors and the cellular environment within
the intact animal.

We have developed two in vivo—in vitro
epithelial model systems—the rat trachea model
and the mouse mammary model. In these model
systems, tracheal or mammary cells are irradiated
in the intact animal (in vivo). These cells can then
be isolated from the animal and cultured in vitro at
various times after irradiation. C  ular changes
can be identified from the in vitro growth charac-
teristics of the isolated cells.

For example, we can test the ability of radiation
to induce cells to grow in culture under conditions
in which nonirradiated normal cells will not grow.
We can quantify cellular changes and follow the
dynamics of cancer development in vivo by
isolating cells and examining their in vitro growth
characteristics. along with the accompanying
cellular and molecular alterations. These cells can,
in turn, be reintroduced into their normal in vivo
environment to determine their in vivo growth and
tumor-producing potentials.

These in vivo—in vitro model systems allow
us to

O quantify and study early radiation-induced
cellular and molecular changes involved in the
process of tumor formation,

[J monitor the process dynamics of cancer devel-
opment as it occurs in vivo because, during the
time cells are left in the intact animal, they
maintain their normal relationships and
interactions with their environment, and

D use the adv  ages of both in vivo and in vitro
systems and overcome the disadvantages of
each.

Using this system, we have observed that
radiation induces, almost immediately, the
transformation of a high percentage of normal
cells into potential cancer cells. Shortly after
irradiation, these cells are not cancerous but have
a high probability of eventually developing into
cancer cells. This cannot be detected in the intact
animal, however, because of cell-cell interactions
that appear to suppress the expression of their
tumor-producing potential. The alterations that
make the cells cancerous can be detected only if
the cells are isolated and maintained in vitro or
injected into host mice. The altered cells then
appear to undergo a series of progressive changes
that ultimately result in cancer cells.

Our studies have clearly shown that the progres-
sion and expression of these cell alterations are
controlled to a large extent by host factors that are
poorly understood. The study of these factors 1s
another facet of ORNL research, which is dis-
cussed in the article that follows.

Robert L. Ullrich, formerly a research staff
member and leader of the Radiation Carcino-
genesis Group in ORNL’s Biology Division, is a
professor in the Department of Radiation
Therapy, Division of Research, University of
Texas Medical Branch, Galveston, Texas. In
1987 he received the Radiation Research
Society Award.

Oak Ridge National Laboratory REVIEW




Probing Mechanisms for
Cancer Suppression

By Margaret Terzaghi-Howe

nderstanding what makes a cell
cancerous can come only from under-
standing what makes most cells
normal. Typical normal tissues and

organs exhibit continuous orderly patterns of cell

growth and differentiation. The differentiated cells

do not proliferate but serve a particular function,

specific for each tissue or organ. This carefully

regulated process is presumably the result of a

precise balance between positive and negative

growth regulatory factors within each tissue. When

the delicate growth regulation bal-

ance is disturbed, the result can be an

uncontrolled growth of cells—a

cancer.

Following the exposure of a popu-

lation to a carcinogen (radiation or

chemicals), a relatively small fraction

of exposed individuals will ultimately

develop tumors years later. In con-

trast, when isolated populations of

cells growing in culture are exposed

to comparable doses of carcinogens,

many of these cells have the potential

to produce tumors. These observa-

tions taken together suggest that

some mechanism or mechanisms in

the intact tissue may be operating to

eliminate or control potentially tumo-

rigenic cell populations.

In our laboratory, we seek to de-
fine the mechanisms involved in the
suppression of tumor development in
intact tissues. For these studies, we
use rat tracheas exposed to chemical
carcinogens or radiation. Our initial
experiments were designed to test the
hypothesis that some attribute of the
intact tissue or host environment
could, in fact, inhibit tumor develop-
ment in our model system. Combined
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An ORNL technique improves
understanding of factors that
block tumor growth.

cell culture (in vitro) and intact animal (in vivo)
experiments were carried out. Tracheas were ex-
posed in vivo to a dose of carcinogen found to
yield a 10% tumor incidence during the normal
animal life span. At various times after exposure,
tracheas were removed from the host animals,
cells were harvested enzymatically, and the levels
of potentially neoplastic (tumor) cells per trachea
were determined (see Ullrich’s article on p. 47).
Potentially tumorigenic cells were detected by
seeding enzymatically dispersed cells into culture

Peggy Terzaghi-
Howe surgically
inspects trachea
that were subder-
mally implanted in
this mouse after
inoculation with
test cells. The
technique helps
clarify the interac-
tions of various
cell populations in
an environment
similar to that of
the intact trachea.
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A valuable tool in these investigations is
“tracheal repopulation,” a technique developed in
our laboratory. The intact tracheal epithelium is
partially or totally destroyed, and mixtures of
normal carcinogen-altered cells are then inocu-
lated into the tracheal lumen. The ends of the
trachea are tied off, and the trachea is transplanted
under the skin on the back of another animal. In
this new location, blood vessels grow into the
transplant and the inoculated cell mixture gener-
ates a new tracheal lining. Using this method, we
can artificially reconstitute the tracheal lining with
a known mixture of altered and normal cells.

We can further influence the spatial relationship
of these cells by only partially denuding the tra-
chea of its normal epithelium and then inoculating
neoplastic cells. The neoplastic cells grow only on
that portion of the tracheal transplant devoid of
normal epithelium. However, when carcinogen-
altered cells mixed with an appropriate number of
normal tracheal cells are inoculated, the reconsti-
tuted tracheal epithelium will consist of carcino-
gen-altered cells interspersed with normal cells.
Under these conditions, tumorigenic cells do not
grow or develop into tumors but remain dormant.
On the other hand, when tracheal repopulation is
carried out such that tumor cells occupy a contigu-
ous segment adjacent to a contiguous segment of
normal cells in the reconstituted tracheal lining, no
influence or inhibiting effect of normal cells on
tumor development is observed. These data sug-
gest that either direct cell-cell contact is required
for tumor cell inhibition or any diffusible inhibitor
produced by normal cells must have a very short-
range effect.

We have started cell-culture studies to evaluate
the relative importance of direct cell contact and
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diffusible factors in the normal-cell-mediated
inhibition of tumor cells. If a diffusible inhibitor is
involved, it could possibly be demonstrated in a
culture medium harvested from normal cells.
When a normal-cell-conditioned medium was
placed on cultured preneoplastic cells (those that
will eventually progress to a tumorigenic state)
inhibition of growth was, in fact, observed. How-
ever, when the conditioned medium was placed on
neoplastic (tumorigenic) cell cultures, no inhibi-
tion was observed. When the neoplastic cells were
co-cultured in the same dish with normal tracheal
cells, however, inhibition was observed.

Now that we have what appears to be a reason-
able cell-culture model for events occurring in the
intact tissue, we are attempting to define the roles
of identifiable diffusible inhibitory factors and
cell-cell communication in the observed modera-
tion of tumor development in the intact tissue.

Clearly, a delicate balance exists between con-
trolled and uncontrolled growth in intact tissue.
Many potentially tumorigenic cells are held in
check, presumably by some of the same mecha-
nisms that normally govern orderly tissue-specific
patterns of growth and differentiation. With a
better understanding of the factors that effectively
control most carcinogen-altered cells within a
living tissue, the development of cancer therapies
that are more specific and less t~vi~ than those
currently used may be possible.

Margaret Terzaghi-Howe has been a research
staff member in ORNL’s Biology Division since
1975. She has a DSc degree in radiation biology
from Harvard University.
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four basic building blocks (bases) within deoxyri-
bonucleic acid (DNA). A segment of DNA that
encodes the sequencing information for one pro-
tein is called a gene. Thousands of genes linked in
tandem form the complete DNA molecule—a
chromosome. The human cell contains 23 pairs of
chromosomes, and thousands of biologists are
busy determining the exact arrangement of genes
within each chromosome, in the well-publicized.
multibillion-dollar, DOE-stimulated. national
“genome sequencing and mapping initiative.”
Recombinant DNA technology enables re-
searchers to move genes from one organism to
another and to specifically alter the base sequence
of genes, thereby providing an avenue for instruct-
ing cells to make proteins never before produced
in nature. The systematic alteration of amino acid
sequences in proteins by gene manipulation repre-
sents a new frontier in biological chemistry called
protein engineering. In the scant eight years since
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Redesigned proteins may benefit agriculture,
waste treatment, and medicine.

its inception, protein engineer-
ing has emerged as the most
powerful tool for addressing
mechanistic questions about
protein function. In the longer
term, protein engineering offers
an exciting approach to optimiz-
ing properties of proteins for
particular applications. If en-
zymes can be made more resis-
tant to high temperatures, oxida-
tion, and degradation, their uses
in medicine, agriculture, food
processing, waste treatment,
detergents, and bioprocessing
will be greatly expanded.

Since its initiation in 1984,
and with partial support pro-
vided by the ORNL Director’s
R&D Fund, the Biology Divi-
sion’s protein engineering pro-
gram has become a major focal
point for DOE-sponsored bio-
chemistry and molecular biology
research. At ORNL, we are in-
tensively investigating (1) the
epidermal growth factor, a hor-
mone that regulates cell prolif-

eration and differentiation (see Niyogi's article,
p- 54); (2) a DNA repair protein, which mitigates
mutagenic and carcinogenic effects of some toxic
chemicals (see Mitra’s article, p. 57); and (3) the
carbon dioxide fixation enzyme, a major determi-
nant of biomass yield (see my article on p. 60). If
we are successful in our protein engineerine
projects, the benefits could be enormous.

Fred C. Hartman, a senior scientist and direc-
tor of the Biology Division, joined ORNL in
1966. He holds a Ph.D. degree in biochemistry
from the University of Tennessee, Memphis,
and has received honors that include the Pfizer
American Chemical Society Award in Enzyme
Chemistry, a Martin Marietta Energy Systems
Technical Achievement Award, and two
Energy Systems publications awards. Energy
Systems recently named him a Corporate
Fellow.

AlIthougn
advanced

technologies are
used whenever
possible, protein

engineering is
largely carried

out by hand, as

Frank Larimer
demonstrates.
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DNA Repair—
A Recipe for Survival

By Sankar Mitra

or some time it has been recognized

that DNA, the universal genetic mate-

rial that contains all information

needed to maintain and reproduce living
organisms, is not totally inert—chemically speak-
ing. The two strands of DNA, intertwined in a
double-helix structure, are held together by hydro-
gen bonds between its basic units, called bases.
The four types of bases are paired uniquely—that
is, between adenine (A) on one strand and thymine
(T) on the other or between guanine (G) and cyto-
sine (C). This cardinal rule of base-pairing allows
the exact reconstruction of each DNA strand by its
complementary strand during cellular multiplica-
tion (replication). The sequence of the four bases
in each strand of DNA is unique for each organ-
ism and thus defines that organism.

The integrity of DNA is damaged naturally by
chemical alteration of cytosine and spontaneous
base losses. In addition, DNA bases may be al-
tered or destroyed by foreign agents, including
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Research is zeroing in on
the cell’s mechanisms
for self-repair.

ultraviolet and ionizing radiation and a variety of
chemicals in the environment (e.g., fossil fuel by-
products). The effects of these damaging agents
include inhibition of DNA replication, which leads
to cell death, or alteration of the sequences of
DNA bases, which results in mutations, tumor
induction, and cell death. Although mutations are
thought to be responsible for the evolution and
diversification of living organisms, genetic altera-
tions cannot be too frequent, or such instability
would lead to the extinction of species.

It turns out that all organisms have developed
ways to repair DNA damage or to cope with it and
continue to function. Furthermore, repair path-
ways are diverse, as might be expected from the
several distinct types of alterations produced in
DNA by a variety of agents.

Our interest in DNA repair is focused on the
damage induced by alkylating carcinogens and
mutagens. These chemicals include, for example,
nitrosamines present in food or produced in the

stomach, as well as industrial
chemicals such as ethylene
oxide (see Generoso’s article
on p. 24). Alkylation is a
chemical process in which an
alkyl radical (an ionized mole-
cule containing carbon and
hydrogen) is incorporated in
an organic compound by sub-
stitution or addition. Among
the various types of changes
produced in DNA by these

Sankar mitra
uses the “gene

agents, alkylation at the oxy- synthesis”
gen attached to the 6th carbon machine for
position (O%) of the base G has protein
been shown to cause the most engineering.

critical damage, leading to
mutation and tumor induction.
This result probably stems
from the propensity of O°-
alkyl G to pair with T instead
of its normal pairing with C
(see figure at right). Such a
mispairing leads to a mutation.

57




Base pairing in
duplex DNA.
Normal pairs are
in the top row.
Bottom row
shows pairing of

O¢f-methylguanine.

I nis nigure
illustrates an
unusual DNA-
repair reaction
discovered in
1980.
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In 1980, Robert S. Foote, Bimal C. Pal, and I
(and an independent group in England) showed
that the repair of this modified G (GM) in DNA
involves an unusual reaction never before seen.
The process does not involve the mechanisms
most commonly observed, which are (1) removal
of the damaged base or a segment of DNA span-
ning the damaged site and (2) base replacement
directed by the complementary strand. Instead,
removal of the lesion involves a direct extraction
of the modifying alkyl group such that the original
G is restored without any effect on DNA. Shown
as the “Pac-man” protein in the figure below,
OS-methylguanine-DNA methyltransferase (MT),
accepts an alkyl group (on a specific cysteine resi-
due) in a suicide reaction—the self-alkylation de-
stroys (inactivates) the MT protein. This reaction
is absolutely specific for O%-alkylated G and is
rather unique, because biochemical processes are
typically catalyzed by enzymes that remain un-
changed after the reaction. As the figure below
illustrates, the DNA molecule may again receive
an alkyl group by exposure to a carcinogen, and
the cycle can repeat itself as long as the MT is
available.

The MT protein is present in almost all organ-
isms, although the human MT is very distinct from
that of the bacterium Escherichia coli, which is
routinely used as the model laboratory microbe.
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The level of MT is highly regulated in both mam-
mals and bacteria. The E. coli-MT, which is also
called the Ada protein, plays a central role in its
own regulation—controlling the activity of its
gene by binding, in a modified form, to the regula-
tory sequence. The recently available recombinant
clone containing the E. col/i-MT gene was an
attractive candidate for our site-directed muta-
genesis research designed to unravel the complex
and multiple reaction modes of this protein.

Our first objective was to produce the E. coli-
MT protein in quantities large enough to allow
definition of its biochemical characteristics. We
suspected that the observed lack of high yield of
the protein from a recombinant vector was attrib-
utable to the negative function of the regulatory
sequence. Our hunch was proved to be correct
when Keizo Tano (university guest from Japan),
Foote, and I applied a site-directed mutagenesis
approach to delete the DNA segment identified as
the regulatory region. In the modified recombin-
ant, the MT protein represents 10 to 15% of the
total protein harboring the altered gene. Debasish
Bhattacharyya, a university guest from India in
our group, then showed that this protein can be
prepared very rapidly in a nearly pure, completely
active form. A number of laboratories in the
United States and the United Kingdom are
planning to use our system for its large-scale
preparation.

To learn more about the relationship between
the structure and function of the Ada protein, we
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performed site-directed mutagenesis on the spe-
cific cysteine residue (Cys,, ) that was shown
earlier to be the alkyl acceptor site. We created
two mutant proteins: one (mutant I) was made by
substituting histidine for Cys,,, and the other
(mutant II) by inverting the normal Cys., His.,,
sequence (i.e., to His,, Cys,,,). Our reason for
constructing such mutants was that both cysteine
and histidine could, in principle, function as
alkyl acceptors and that the normal Cys,, His,,,
sequence is conserved in other enzymes involved
in different types of methyl transfer reaction.

We were surprised to find that, under the stan-

dard conditions used for inducing normal Ada

protein synthesis, mutant I was not produced at all.

Although mutant IT was produced at a low level, it
was smaller in size than the wild-type (normal)
protein.

Further investigation showed that the subtle
changes we induced in the mutant proteins caused
a major perturbation in their regulatory role and
their stability inside the cell. The synthesis of
mutant I in the host bacteria was inhibited because
the mutant protein acted as a negative regulator, in
contrast to the positive regu-
latory role of the normal Ada
protein. Both mutant I and
mutant II proteins could be
produced by appropriate
genetic manipulation under
unusual conditions. How-
ever, these proteins, unlike
the normal protein, were ex-
tremely sensitive to degrada-
tion in the cell. Finally,
neither of the mutant pro-
teins could accept the alkyl
group from the O%-alkylated
guanine.

These results illustrate that
a subtle change in a protein
can result in a profound
change in both biological
and chemical activities. We |
are currently creating addi-
tional mutants of this protein i
in the region of its putative
DNA-binding sequence.
Experiments with these
mutants should elucidate the
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molecular mechanism that activates the alkylation-
damage repair by the Ada protein.

At the same time, our collaborative effort to
determine the three-dimensional structure of the
Ada protein by X-ray crystallography may provide
information about its overall geometry that could
enable us to create site-directed mutants having
broader, or more desirable, specificity in repair of
DNA damages. We are also attempting to clone a
recombinant vector from which the human MT
protein can be expressed. The availability of such
a clone would open up the exciting prospect of
creating human MT having more desirable reac-
tion specificity and underste~~~~ Row our body
regulates the repair activity.

Sankar Mitra, a native of Calcutta, India, who
holds a Ph.D. degree in biochemistry from the
University of Wisconsin, is leader of the Nucleic
Acid-Protein Transaction Group in ORNL’s
Biology Division. He is also an adjunct profes-
sor at the University of Tennessee—OQak Ridge
Graduate School of Biomedical Sciences.

Mitra and William
Dunn watch as
Julia Collier, an

ORAU trainee,

injects a sample
for high-perform-

ance liquid

chromatographic

analysis.
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rrea Hartman
(standing) and
Richard Mural
examine a com-
puter model of
the "Rubisco”
enzyme, which
appears in color
on the front
cover. Under-
standing the
structure-function
relationships of
this carbon-fixing
protein could lead
to increased
production of
biomass for food
and energy.
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Can the CO, Fixati( n
Enzyme Be Improved?

By Fred C. Hartman

very day the world’s most abundant

protein sets off chemical reactions that

convert an atmospheric gas into plant

food, which is essential to human sur-
vival. The protein, however, could do its work
more efficiently and possibly increase food crop
yields if it were redesigned. At ORNL efforts are
being made to alter this protein appropriately by
state-of-the-art “protein engineering” techniques.

Photosynthetic bacteria and plants use the elec-

tromagnetic energy of sunlight that is trapped by
their chlorophyll-protein complexes to drive the
biosynthesis of carbohydrates from atmospheric
carbon dioxide. About 10'! tons of carbon are
converted into organic compounds annually by
photosynthesis. Although not generally appreci-
ated, more than half of the ongoing photosynthesis
in the biosphere is carried out by microscopic
organisms in the oceans.

Like all complex biosynthetic pathways, the
conversion of carbon dioxide into carbohydrates is
a multistep process in which each discrete chemi-
cal reaction is catalyzed by a unique enzyme (type
of protein). The initial reaction in this pathway
(known as the Calvin cycle) is the carbon dioxide
fixation reaction, which is catalyzed by ribulose-
bisphosphate carboxylase/oxygenase, commonly
called Rubisco. This enzyme links the inorganic
and organic carbon cycles of the biosphere by
catalyzing the only known reaction through which
atmospheric cz  on dioxide can sustain living
organisms.

Carbon dioxide fixation is rather inefficient and
severely constrains the overall rate of photosyn-
thesis. For Rubisco, the catalytic constant (a con-
ventional measure of
maximum catalytic rate)
is only 2 to 5/s, whereas
for the vast majority of
enzymes the value is 10°
to 10%/s. Photosynthetic
organisms compensate for
this gross inefficiency by
synthesizing huge
amounts of Rubisco, fre-
quently accounting for
>50% of the organism’s
total soluble protein.
Thus, Rubisco has the du-
bious distinction of being
the world’s most abundant
protein. The organism
pays a huge price in its
energy economy for com-
mitting so much of its
nitrogen nutrient to this
one enzyme to catalyze
one chemical reaction.

To make matters worse,
Rubisco also catalyzes a
competing reaction of
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oxygen with ribulose-bisphosphate, an energy-
wasteful degradative reaction having no known
physiological function. Although the relative
specificity of Rubisco favors carbon dioxide fixa-
tion, the prevalence of oxygen in the atmosphere
diminishes the rates of photosynthesis. The com-
petitive effects of the oxygen reaction can cut
yields of many food crops in half.

Theoretically, plant yields could be enhanced
by increasing Rubisco’s catalytic efficiency for
photosynthesis and/or its specificity for carbon
dioxide fixation. Laboratories throughout the
world have reached a consensus that the feasibility
of engineering a more efficient Rubisco requires
more information about the structure and mecha-
nisms of the enzyme. Our group at ORNL uses
protein engineering to systematically replace
amino acids with others at the catalytic center of
Rubisco to determine which ones play key roles in
the enzyme’s function. Such structure-function
correlations may offer new insights for improving
Rubisco.
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“Engineered” enzyme could increase worldwide crop yields.

The local team that is trying to unravel the
mysteries of Rubisco includes Bob Foote, an
organic chemist who synthesizes fragments of
DNA that are used to insert the programmed
mutations into the Rubisco gene; Frank
Larimer and Richard Mural, molecular ge-
neticists who place the mutated genes into
simple bacteria, which then serve as mini-
ature factories for producing the new forms of
Rubisco; and Tom Soper, Claude Stringer,
and myself, protein chemists who isolate and
characterize these new forms of Rubisco. Eva
Lee, a postdoctoral investigator, and Harry
Smith, a graduate student, also evaluate the
properties of the mutant enzymes.

One of the greatest challenges in protein
engineering is the design rationale for struc-
tural alterations. The Rubisco molecule is 475
amino acids long; each specific amino acid at
each of the 475 positions could be replaced
by any of the other 19 constituent amino
acids. Hence, to survey the effects of all pos-
sible single amino acid substitutions would
require the construction of 9025 different

mutant proteins! Construction, isolation, and char-
acterization of just one mutant protein can require
many months of work, so very judicious choices
must be made.

Fortunately, our previous work has pinpointed
several amino acid loci in Rubisco where reactants
bind and catalysis is achieved. This catalytic cen-
ter of the enzyme is the focus of our research. To
date, we have prepared several dozen new forms
of Rubisco having altered catalytic centers. Evalu-
ating their properties has allowed us to identify the
amino acid that functions as the acid/base catalyst
to initiate the complex, multistep carbon dioxide
fixation reaction and to identify another amino
acid that stabilizes an intermediate in the reaction
pathway. This progress encourages us toward our
ultimate goals of designing a gene that expresses a
superior Rubisco and placing that gene into plants,
thereby transforming them into species having
improved photnevnthetic (thus, food-producing)
efficiencies

Tom Soper uses
high-performance
liquid chroma-
tography to
rapidly isolate
mutationally
altered proteins.
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Stan Auerbach in
front of the
Environmental
Sciences Building
at ORNL.

62

Evolution of ORNL’s
Environmental Sciences

By Stanley |. Auerbach

volution in the biological sense refers
1 to an essentially random process in-

volving the natural selection of those

attributes that provide optimal condi-
tions for growth and maintenance of a population
of organisms. In some respects, the history of the
development of environmental sciences at Oak
Ridge National Laboratory can be viewed as being
somewhat analogous to an evolutionary process.
Consider the following statements:

L “This . . . interim survey of concentration and
release of radionuclides by aquatic organisms
... of immediate benefit to ORNL in the dis-
posal of liquid wastes . . . also represents the
start of a five-year program designed to estab-
lish safe and economical methods of disposing
of liquid wastes associated with power reac-
tors.”—XKarl Z. Morgan, January 1954.

LJ “This, or higher factors. may obtain for certain
links in the complicated ecological web, but
perhaps these links can be wiped out, and the

ecological universe will have the capacity to
readjust itself and reach a new type of equilib-
rium that will satisfactorily meet the require-
ments of m  and his environment.” Summary
of comments by I. I. Rabi, K. Z. Morgan, A. M.
Weinberg, and O. Park, at a meeting in the
Health Physics Division, September 1954.

L “To date, as shown by the efforts of the survey

of 1950 to 1953 and continuing observations by
Oak Ridge National Laboratory, no cata-
strophic effects have occurred to the fauna and
flora due to radioactive waste effluent and the
accompanying continuous 12 years of expo-
sure.”—Ch es S. Shoup (AEC-ORO), 1955.

L we appreciate the interest of the Laboratory in

proposing the additional ecological studies, but
in view of the current plans of the Division of
Biology and Medicine, it is suggested that
budgetary provision for the additional work be
deleted from the budget submission for FY
1956.”—Samuel R. Sapirie, February 1955.

L “It seems essential that an ecology program be

so organized as to utilize techniques and modes
of thought peculiar to the point of view. It thus
may contribute to the needs of Health Physics
rather than  =mpt to meet those needs by way
of a partial  sroach. Ecology deals with whole
organisms in whole communities under whole
environments. If an ecological program on each
of the various sites . . . seems desirable, it is
suggested that it be set up to meet its own ob-
Jjectives.”—John N. Wolfe, May 1956.

L “We believe that the ecology program at ORNL

should be based on the waste disposal problem
on the following considerations. . . . The prob-
lem of radioactive waste disposal is certainly
one of the most abiding deterrents to econo-
mical nucle power ... .If, in the view of

the Commission, this minimum effort . . .

(6.5 man-years) . . . cannot be achieved in due
course, the recommendation of the Laboratory
is that respc  ibility for exploration of this
vitally important area of potential hazard be

Oak Ridge National Laboratory REVIEW




transferred elsewhere”—John A. Swartout,

July 1956.

(4 “In 20 years. I would envisage the Oak Ridge
Reservation studded with field experiments
employing radioisotopes . . . with complemen-
tary experiments simultaneously under way in
different regions and countries. A permanent
staff of several hundred environmental scien-
tists would also use laboratories with large-
scale facilities . . . such a program could draw
upon and contribute to an international gradu-
ate educational center as well as become an
international information exchange.”—Stanley

1. Auerbach, February 1962,

These contrasting views and recom-
mendations reflect more than the
usual struggles associated with the
establishment of a new program. A
new area of science was being prom-
ulgated; one whose ideas, concepts,
and needs were associated directly
with a perceived national problem.
Conceptually, ecology was starting to
be visualized as an area of science
whose time for application to a totally
new social problem had come. The
early struggles reflected many
things—Ilack of understanding of the
limitations of the science, the impor-
tance of defining the field in the con-
text of national laboratory responsi-
bilities, and the urgent need to shift
from observational science to a more
quantitative and, therefore, more
rigorous understanding of ecological
processes.

Shortly after the establishment of
the Clinton Laboratories (ORNL) in
1942, it became necessary to dispose
of radioactive by-products from the
various operations. Based on geologi-
cal considerations, Melton Valley—
White Oak Creek and White Oak
Lake were selected for disposal sites
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ORNL research has guided the development of safer energy technologies.

and for radioactive effluent releases. The need for
protective criteria and surveillance was recognized
early by Karl Morgan, the pioneering health physi-
cist and founding director of the Health Physics
Division.

By 1943, routine monitoring and surveillance
for various radionuclides, including transuranics
and fission products, was being carried out in the
White Oak Creek—White Oak Lake area, which
served as the regulating point for the controlled
release of these radionuclides to the Clinch River.

By the late 1940s, radionuclides had built up in
the holding basin and drainage system enough that
an ecological survey of area fauna and flora was

Trees were
tagged with
cesium-137 in
this first experi-
ment using radio-
active isotopes to
study forest
system processes
(May 1962). The
individuals
involved were,
from left,

W. C. Cate,

J. S. Olsen,

H. D. Waller, and
S. I. Auerbach.
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Glagys Loason
and Marvin
Shanks checked
leaf decomposi-
tion and isotope
release rates in
an early ecology
study headed by
Dave Reichle.
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suggested to evaluate the impacts of the radioac-
tivity. In response to this need, the Atomic Energy
Commission (AEC) authorized the Laboratory to
enter into an agreement with the Tennessee Valley
Authority (TVA) to carry out such a survey. Fish
studies were done in 1948 to 1949, and the main
survey followed 11950 to 1953 under the
leadership of the late Louis Krur >z, a well-
known aquatic ecologist. The survey findings
stirred some controversy, but, in general, the re-
leases were not linked to any serious problems.

By that time, interest had intensified in the
perceived problem of nuclear-power—related
radioactive waste. A new waste disposal program
that included ecological research was established
in the Health Physics Division under Edward G.
Struxness. A well-known American ecologist,
Orlando Park of Northwestern University, helped
plan the new program with the initial purpose of
determining the impacts of radioactive wastes on
the environment through a series of laboratory ex-
periments. Funding was made available in 1954,
and I was employed to carry out  2se investiga-
tions and lay the basis for an expanded, longer-
term effort.

As a result of work here and elsewhere, the

AEC set up a national ecology program headquar-
tered in Washington. John N. Wolfe, a well-
known ecologist, was appointed its director. Wolfe
thought field studies should receive more empha-
sis and encouraged ORNL to shift its focus ac-
cordingly. The draining of White Oak Lake in
1955 provided a unique, radioactively contami-
nated habitat for conducting ecological research
during the next several years. The draining of
White Oak Lake also resulted in a large instant re-
lease of radioactive fission products to the Clinch
River, particularly radioactive cesium, cobalt, and
strontium. A unique, multiagency effort was or-
ganized by Struxness to determine whether radio-
logical hazards existed as a result in the lower
Clinch River and in portions of the Tennessee
River. To meet the needs of this new effort, an
aquatic component under Daniel Nelson was
added to the ecology program. During these years
(1956 to 1961) our work was relocated to the Oak
Ridge Y-12 Plant because of a space shortage at
ORNL.

During this time, ORNL Director Alvin M.
Weinberg maintained a strong and encouraging
interest in both the program and the field of ecol-
ogy. The work on the lake bed provided new in-
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sights into problems associated with whole-
habitat contamination and its effects on mammals,
birds, insects, and plants. It became clear to the
ecology staff that a study of the long-term envi-
ronmental problems associated with radioactive
waste disposal required new field-based experi-
ments, using known quantities of radionuclides.
Data from such studies would enable ecologists
to predict the behavior of these substances in
ecological systems.

The early 1960s were a dynamic period for the
program, bringing expansion of the Y-12 Plant
facilities, establishment of an ecology library, and
increasing worldwide attention to the environ-
mental problems associated with nuclear energy.
Because of the latter, the ecology staff began to
focus on developing increasingly larger-scale
field experiments that involved total-systems
approaches.

Meanwhile, planning for future growth of the
program intensified. The completion of an addi-
tion to the main research building complex at
ORNL made available the Health Physics Division
building (Building 2001) for conversion to an
ecology laboratory. This was a period of dynamic
planning and vision at ORNL, and the ecologists
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were encouraged to take an active part. “Where
would ecology be 20 years in the future?” was a
challenge laid down by the Laboratory Director,
and to which we responded. Such futuristic
thinking prompted the planning of a totally new
facility designed especially for large-scale eco-
logical and related environmental research. I pro-
posed what was then a radically new design,
namely a circular configuration for the main build-
ing, later jokingly referred to as the ecology
“wedding cake.”

rouowing wie move vdck to ORNL, plans were
made to initiate a unique forest field experiment
that would involve tagging an entire forest stand
with radioactive cesium—a major fission product
and component of radioactive fallout. This experi-
ment began in 1962. A whole series of smaller,
associated experiments under the leadership of
David E. Reichle later used radioisotopes to clar-
ify key subprocesses in the forest nutrient cycle
and enabled ecologists to quantify them for the
first time. The experiments determined the roles
of bacteria and insects in the decomposition of

I he Othice ot

Civil Defense
sponsored this
study of post-
nuclear-attack
ecology in 1967.
To study the
effects of fallout,
a simulated,
highty radioactive,
nuclear fallout
material was
dispersed over
several small
plots using

this remotely
controlled
spreading device.
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A major new international program was prom-
ulgated by the world’s leading ecologists—the
International Biological Program (IBP). In the
United States, IBP received a special appropria-
tion from the Congress in 1967 and became the re-
sponsibility of the National Science Foundation
(NSF). Soon organized under the National Acad-
emy of Sciences, it came to be known as the
Analysis of Ecosystems Program. The research
was organized according to major U.S. ecological
regions (biomes):; within each region. large teams
of ecologists and other environmental scientists
were selected to carry out integrated studies on the
major ecosystems. Hundreds of scientists and
graduate students became involved in this effort
and, because of its established reputation, the ecol-
ogy group at ORNL was asked by the NSF to lead
the program for the eastern forest region—a major
role (see article by Elwood, et al. on p. 94). This
was the first time an atomic energy laboratory
received NSF funding to carry out a major pro-
gram. The funding begun in 1968, which provided
the means for a major expansion of the ORNL
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This original
ecology work-
boat, which was
designed and
built in 1959 for
the Clinch River
Survey, was
used in agquatic
investigations for
nearly 20 years.
Collecting speci-
mens are, from
left, Bill Martin
(now with Ten-
nessee Tech),
Neal Griffin, and
Dan Nelson
(deceased).

program, and started a relationship with the NSF
that has continued well beyond the end of the IBP
in 1976.

During this same period (1965 to 1976), other
activities and events occurring at ORNL and in the
ecology program affected the development of en-
vironmental sciences. Once the integrated study of
the Clinch River was completed and judged to be
a successful one-of-a-kind endeavor, ORNL
aquatic ecologists turned their sights toward the
Oak Ridge Reservation. Although White Oak
Lake had been drained. the construction of Melton
Hill Dam on the Clinch River necessitated the
impounding of a small portion of the lake for ra-
diological control purposes. The populations of
fish and insects in this impoundment provided an
opportunity to study the long-term genetic effects
of radioactivity on organisms. Integrated research
projects dealing with the long-term impact of ra-
dioactivity on whole ecosystems were very much
on the minds of ORNL ecologists at this time,
and two major projects became our goals: (1)
to define and model the processes of an entire
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fauna, and a new aquatic research project, to be
led by Chuck Coutant, was approved by the AEC.
The funds made available included support for the
construction of a new, computerized test facility in
the early 1970s, which became the forerunner of
the Aquatic Ecology Laboratory.

Programs in regional studies, environmental
quality, and socioeconomic issues associated with
environmental problems became more active at
the Laboratory during the early 1970s. An in-
house training program in environmental sciences
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for professional staff was also
developed.

By 1970, the Laboratory
had an ecological science
research unit that was recog-
nized internationally for its
contributions and leadership.
Although there were other
environmental components in
the Laboratory, none had
achieved either the magnitude
or the distinction of the ecol-
ogy unit, and in March 1970
the unit was elevated to divi-
sion status—the Ecological
Sciences Division.

The Division’s creation
brought more challenges.
Although ecology was to play
a pivotal role, many other
opportunities and concerns ex-
isted, both local and national,
that involved other environ-
mental science disciplines.
Two events in the new decade
helped to broaden our focus
and ORNL’s programs in this
area.

In 1970, the National Envi-
ronmental Policy Act was
enacted, requiring agencies to
prepare statements on the
possible environmental im-
pacts of any major proposed

action. Although at first somewhat ignored, a
Jjudgment in a court case involving the licensing of
a proposed nuclear power plant at Calvert Cliffs,
Maryland, galvanized the entire impact process.
Environmental impact statements were mandated
for nuclear power plants, so the AEC directed its
national laboratories having large resident envi-
ronmental programs to create special units to as-
sist in the preparation of these statements. At
ORNL, this responsibility fell to the Ecological
Sciences Division. Within months a large (50- to
60-person) and well-organized effort was under
way, and staff members were retrained in the
new field of environmental impact assessment,

RS pdit Ul EOoWV S

Power Plant

Thermal Effects
Project (1971 to

1977), Lynn

Wright (back) and
Jack Mattice (now

with EPR!) col-
lected aquatic
organisms near

the cooling water
intakes of TVA's
Kingston Steam
Plant, a coal-fired
electric generat-

ing station.
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vvnole-noay
counts were done
on fish in this
1963 study to
determine rates
of elimination and
biological half-
lives of radio-
nuclides in live
animals.
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emphasizing the connection between research and
interpretation.

The second pivotal event of the 1970s for
ORNL’s environmental sciences programs was the
reorganization of the Health Physics Division. Its
environmental components were shifted to other
laboratory organizations, and the radiological and
environmental assessment and modeling group, as
well as several geologists who had been part of a
waste disposal research group, joined the Ecologi-
cal Sciences Division. The broadening dimensions
of the division were reflected in its renaming, in
April 1972, to the Environmental Sciences
Division (ESD).

Within a year after approval of the broadened
scope, an appropriation for a new environmental
sciences building was forthcoming. Key staff
members participated in site selection and design,
and groundbreaking took place in 1975.

A wide spectrum of local environmental

problems began to be addressed, including local
low-level radioactive waste burial grounds and the
chemical pollution of reservation streams. Al-
though these concerns were evident to the envi-
ronmental scientists in the division, almost a dec-
ade elapsed before significant action was taken to
address problems in these areas.

The nationwide shift from interest in nuclear-
related problems to those associated with fossil
fuels also started in 1975. The environmental
sciences again played a major role in helping
ORNL shift its research emphasis to the new pro-
grams. The environmental questions associated
with coal created significant new research chal-
lenges—global warming, acid rain, and toxic syn-
thetic compounds—and ESD staff members are
leaders in these investigations. The occupancy of
the new environmental sciences building in 1978
signaled anc :r step in the evolutionary process
begun three decades earlier.
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In the early 1980s, ESD became involved in a
number of controversial issues, all of which had
their origins in events or activities that occurred
much earlier.

Environmental activists in the 1960s began to
openly question the presence of power plants near
various water bodies. Tensions continued to in-
crease, and in the 1970s a controversy arose in the
Hudson River Valley over the proposed construc-
tion of a nuclear power plant whose cooling sys-
tems might pose a threat to the fisheries of the river
and Atlantic coast. ESD aquatic scientists became
involved because of the environmental impact
statement they had prepared in 1972 on the pro-
posed plant. During the next decade of continuing
judicial hearings, we helped resolve this complex
scientific and legal controversy that is a landmark
in applied aquatic ecology.

In 1982 and 1983, the revelation of significant
mercury spills made in the mid-1950s into local
streams from the Oak Ridge Y-12 Plant provoked a
public controversy. ESD scientists had noted high
mercury levels during their 1970 stream studies,
and this information had been brought periodically
to the attention of my management. ESD
scientists had done extensive mercury studies
around the famous mercury mines in Spain and in
mercury-contaminated rivers and lakes in the
southeastern United States. lronically, the divi-
sion’s expertise and established reputation in ana-
lyzing the environmental behavior of mercury was
not used to address the local mercury problem at
that time. Since 1983, however, ESD has been re-
sponsible for a long-term biomonitoring effort to
evaluate mercury contamination hazards and the
results of remedial actions on the Oak Ridge Reser-
vation.

Another major contribution in the 1980s was a
detailed analysis, by ESD’s John Trabalka, of an
alleged major nuclear accident in the Soviet
Union, said to have occurred in 1957. Trabalka
inferred details about the “accident” by analyzing
Russian technical papers on intriguing radioecol-
ogy studies from the late 1950s through the 1970s.
Because the accident was alleged to be related to
radioactive waste, a certain public notoriety
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developed about this event, especially since the
Soviet government denied its occurrence. The CBS
television program 60 Minutes” became interested,
and my office was the site of an interview involving
Dan Rather (now the *"CBS Evening News™ anchor-
man), Trabalka. and me. A number of skeptics
questioned our analysis, so we were pleased to learn
recently that a top Soviet nuclear power ofticial
finally confirmed (in December 1988) that there
was indeed a serious nuclear accident in the Ural
Mountains 31 years ago.

In many ways. the occupancy of the new environ-
mental sciences building marked both a culmination
and a new beginning. Our currently preeminent role
in the global carbon cycle work stems from our
ecosystem studies of the previous decade. Likewise
our national leadership in research on renewable
resources for energy (biomass) is a natural exten-
sion of our years of research and leadership in forest
ecosystem ecology. The earth sciences, which had
been almost nonexistent at ORNL, were vigorously
promoted by ESD activities such as our geological
and hydrogeological studies.

Public concern over environmental and ecologi-
cal problems is intensifying, both nationally and
globally. The decades ahead will offer many
challenges and opportunities to the new ESD lead-
ership. Building on our strengths and past accom-
plishments, ORNL is well-positioned to continue
world-rlace research in many of these challenging
areas.

Stanley I. Auerbach was director of ORNL’s
Environmental Sciences Division from 1970
through 1986. He holds a Ph.D. in ecology from
Northwestern University and taught radiation
ecology at the universities of Georgia and Ten-
nessee. He is a fellow of the American Associa-
tion for the Advancement of Science, former
president of the Ecological Society of America,
and former director of the Eastern Deciduous
Forest Biome Project of the International Biome
Program. He is recipient of the Leadership
Award of the U.S. International Biological Pro-
gram, the Leadership and Service Award of the
Ecological Society of America, and the
Distinguished Associate Award of the U.S.
Department of Energy.
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ESD’s Educational Impacts

By David E. Reichle and Judy L. Trimble

n the current era of concern over increasing

this nation’s industrial competitiveness,

much attention at the national laboratories

is being devoted to technology transfer. A
complementary activity is providing the next gen-
eration of scientists with the training and experi-
ence needed to help our nation develop new tech-
nology that is both economically competitive and
environmentally acceptable.

The Environmental Sciences Division (ESD) at
ORNL is playing an active role in this leadership
training, based on our long-standing tradition of
close academic association extending over four
decades. Our contributions encompass several
areas:

[ Research subcontracting with academic institu-
tions for national research and development
(R&D) programs to focus academic expertise
on national problems;

L Research collaboration of ESD professional
staff with experts from academic institutions to
attack complex R&D problems;

L Internships and field experience for graduate
students, postdoctoral fellows, and profession-
als on sabbatical leave, who are given opportu-
nities to work on environmental science re-
search projects in support of Division staff;

L Environmental awareness and career develop-
ment for elementary and high school teachers
and students and undergraduate science majors,
who are invited to observe and participate in
scientific research and to learn more about
complex environmental issues.

ESD has long been recognized as a national
center of excellence in ecosystem analysis and
theoretical ecology, particularly in aquatic and
terrestrial environmental toxicology, earth
sciences related to hazardous waste disposal, land-
scape biogeochemistry, hydrology, and the devel-
opment of quantitative techniques for environ-
mental assessment. The Division’s programs in
acid deposition, biomass energy development, and

global carbon dioxide research are internationally
recognized.

During FY 1988, ESD subcontracted nearly
$11 million of research monies to 57 different
universities and colleges, private institutions,
and other federal organizations. Sixty-one percent
went directly to universities. Currently, the
Division has formal relationships with eight
minority educational institutions, and Dean Sheard
and Virginia Tolbert, ESD's Affirmative Action
representatives, are actively pursuing collaborative
efforts with others. The major subcontracting
areas are in biomass production, global carbon
dioxide, waste management R&D, and acid
deposition research.

In the late 1960s, ESD worked with the Univer-
sity of Tennessee (UT) to develop their Graduate
Program in Ecology and, more recently, with UT’s
Waste Management Research and Education Insti-
tute (a Center of Excellence). Since 1973, 56 UT
students who were supported by ESD in their
graduate research have received degrees. Today,
21 ESD staff members have adjunct UT professor-
ships in the program and 8 others have appoint-
ments at UT with the College of Forestry, Fisher-
ies and Wildlife; the Oak Ridge Graduate School
of Biomedical Sciences; the Plant Physiology and
Genetics Program; and the Geography, Geological
Sciences, Soil and Plant Sciences, and Zoology
departments. Additional staff members have for-
mal adjunct appointments with eight other univer-
sities: Tennessee Technological University, Van-
derbilt University, Virginia Polytechnic Institute
and State University, and the universities of Geor-
gia, Illinois, North Carolina, Puerto Rico, and
Gottingen in ~ Federal Republic of Germany

During the past year, ESD staff members served
on 58 academic advisory committees, and 93
students and teachers representing 53 different
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“Unly a
few of the
‘best and
brightest’
of American
youngsters
are
choosing
scientific
careers.”
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educational programs. These activities are
handled at ORNL through the University and
Educational Programs Office, headed by David
Rupert. There are many new happenings in
education at ORNL these days, and some of the
most exciting are in the precollege programs.

Our goals are clear: we want to encourage
more students to choose careers in science and
mathematics; improve the quality of science
education for students and teachers; and enhance
public understanding, appreciation, and support

of science, science education, and science policy.
One of our major means for achieving these goals
is ORNL’s Ecological and Physi ~ Sciences
Study Center. Started in 1984, the Study Center is
largely the “brainchild” of Pat Parr, manager of
the Environmental Sciences Division’s (ESD’s)
National Environmental Research Park. During
the first year of operation, study units in the life
sciences were presented to 125 students and

teachers at the Study Center. That number has
grown tremendously; by 1988 nearly 20,000 local
stu¢ * and teachers had visited the Study Center.
In fact, the der 1d for its use has outstripped our
resources, and  : number on the waiting list for
participation in Study Center activities now nearly
equals the number who actually take part!

Under the direction of Kathy Blair, who
coordinates all Study Center activities, the popular
study units and “hands on™ science experiences are
provided by ORNL staff members and highly
qualified, experienced science teachers. These
units have been developed to enhance, rather than
replace, traditional classroom science. At the
Center, students have the opportunity to experi-
ence science as a dynamic and exciting process,
rather than a dull collection of textbook facts.

Some of o1 ‘ecollege activities are part of
outstanding national educational programs. The
High School Science Honors Program, sponsored
by DOE’s Office of Energy Research, brings to
participating national laboratories some of the best
high school students selected from across the
nation and from several foreign countries. In 1988,
each state and participating country sent one
student to ORNL for a two-week research experi-
ence in environm | science. The students
joined staff scientists in projects investigating en-
vironmental issues such as the global carbon
dioxide/greenhouse effect, hazardous waste
management, and air pollution problems. The
students selected for this program are housed at
Maryville College and share the use of its recrea-
tional facilities. During their stay at the laboratory,
students are involved in research activities,
lectures, seminars, role playing, and social
activities. The marvelous success of this program
is due, in large measure, to the commitment and
leadership of ESD staff members. More than 100
contributed their time and effort to help out in
1988.

We also participate in Project SEED, a national
program sponsored by the American Chemical
Society (ACS), with the primary goal of encc  g-
ing financially sadvantaged students to consider
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careers in science and mathematics. Students
selected for the SEED program receive a $1000
stipend, partially supplied by the ACS. Each
student is matched with an ORNL mentor for a 10-
week summer research experience. As part of the
experience, students participate in career educa-
tion activities and submit a written report on their
research. This program is growing— from only
one SEED student at ORNL in 1988 to nine
students who want to participate in 1989 if
funding is available.

Several locally Jeveloped programs have been
highly successfu in enriching science education at
area schools. Tt e Special Honors Program for
High School S*udents provides research experi-
ences for talented local youngsters throughout the
academic year. Science mentors at ORNL interact
with the students by helping them develop a
research plan and establish an appropriate experi-
mental approach to the problem. Albert Wong of
Oak Ridge High School was ORNL’s first
participant in this program. His research on
artificial intelligence, done with mentor George
Geist of the Engineering Physics and Mathematics
Division, not only placed first in the 1987 South-
em Appalachian Science and Engineering Fair but
also placed third in Westinghouse Corporation’s
prestigious National Science Talent Search.
Through the Special Honors Program, students
have done research ranging from calculating the
diffusive loss in a rippled tokamak to determining
the effects of snail grazing on a variety of aquatic
plants. Hannah Pigman, a 1989 graduate of
Clinton High School, was one of this year’s
outstanding students. Her progress in understand-
ing electronic circuit systems during her collabora-
tion with mentor Gary Alley of the Instrumenta-
tion and Controls Division led to an employment
offer to continue the research at ORNL throughout
the summer of 1989.

A new local program with great potential is
called Partnerships at the Laboratory in Science
(PALS). Begun as a partnership arrangement
between the Oak Ridge Schools and ORNL, this
program provides a formal means for teachers to
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s>mmunicate their needs and for us to find ORNL
:sources that will match those needs. Through
ALS, we have set up a corps of ORNL staff
iembers willing to act as speakers and demon-
rators in school classrooms and are now
nplementing an equipment loan program to
ipplement the often meager school science
juipment budgets. PALS mentors at ORNL are
so helping students carry out an ongoing

:search effort to characterize the cedar barrens
‘ea located near Jefferson Junior High School. In
1dition, we are becoming more involved in the
arious school “invention” programs, such as
ivent America and Invention Convention.

As the benefits of the PALS program become
ore widely known, we are receiving requests
-.om other school systems who would like to be
“wvolved. Because we believe these interactions
‘e important opportunities for ORNL to influ-
-1ce the quality of science education in our area,

requests.

scts have immediate

i iemmmm meeeeeee - —- —...niple, many local
school groups attend ORNL events held annually
to recognize National Chemistry Week and
National Science and Technology Week. Along
with the University of Tennessee, we are involved
in carrying out the annual Junior Science and
Humanities Symposium and the Southern
* ppalachian Science and Engineering Fair.

A Science Bowl for area high school students

as started this year, in cooperation with staff

embers of Pellissippi State Technical Commu-

ty College, and we plan to make this an annual

rent.

Special Study Center programs for minorities

id for females were held at ORNL during the

189 spring break of area schools. Their success

18 encouraged us to expand these activities in

e future.

During the summer of 1989, we are initiating a

'w program to provide two one-week summer

ience experiences for local youngsters

rd through 7th grades). More are being planned

r the summer of 1990.

“At the
Center,
students
have the
opportunity
to experience
science as a
dynamic and
exciting
process,
rather than a
dull
collection of
textbook
facts.”
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Retired ORNL
physicist Bob
Kernohan lends a
hand at Balloon
Day during
National Science
and Technology
Week.
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As already mentioned, the success of all our
precollege activities depends primarily on the
willingness and dedication of participating staff
members. Because of the outstanding generosity
of the ORNL staff, I have been able to respond
to almost every request from area schools.
Despite their busy lives, the scientists here seem
always willing to monitor a research project,
speak to a class, judge a science fair, or help a
teacher develop or improve science curriculum.
Though there is no monetary reward for this
involvement with stucents and educators, our
scientists seem to enjoy passing on some of their
enthusiasm and enjoyment of science.

There are many sound national reasons to
encourage youngsters to study science—to forge
a strong economy, to maintain our technological
leadership, to build a strong defense. But if you
ask a scientist why he or she chose a career in
science, the answer is almost always the sam
because it’s fun! We can provide no greater
encouragement to the future of science in

America than by sharing the
fun and excitement of
science with the next
generation.

Because of the outstand-
ing response and growing
interest in our Study Center
activities, we hope to be able
to expand them. Plans are
being made to develop and
present additional study
units and more general
interest programs aimed at
increasing public under-
standing and support for
science and science educa-
tion. More units designed to
provide family-oriented
science experiences are €s-

pecially needed, because there is clear evidence
that working through the family network improves
the achieveme levels of youngsters and the
attitudes of their parents toward science. We also
see a need for units designed especially for
handicapped individuals and activities designed to
attract and interest more females and minorities in
science careers. Because mathematics is a primary
tool of many sciences, we plan to develop addi-
tional study units in that area also.

We want to affect the teaching of science
throughout East Tennessee in a positive way.
Some efforts are already under way in this area;
we interact with teachers by introducing them to
the world of research through summer workshops.
by loans of special equipment for classroom use,
by consulting with teachers and administrators on
curriculum development, and by offering seminars
and “hands on” experiences for teacher groups at
the Study Center.

The “Jane Whitaker story” illustrates the
widespread positive effects that our teacher
development activities can have. Jane is an
outstanding science teacher and chairman of the
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science department at nearby Lenoir
City High School. ORNL staff mem-
bers helped her develop curriculum
materials on superconductivity—
certainly a topic at the forefront of
material science studies today. Jane did
not stop with using these materials in
her own classroom. She has also
conducted both local and national
teacher workshops on superconductiv-
ity, and the materials we helped her
develop were distributed nationally by
DOE during National Science and
Technology Week. We believe the
“ripple effects” from teachers like Jane
who gain from our programs can sig-
nificantly improve science education in
this area, and even nationally.

ORNL also participates in the
Teacher Research Associate Program, a
DOE-funded summer research opportu-
nity that provides a stipend and housing
allowance for teachers selected on a
national level. Other teachers take part
in a similar program called STRIVE
(Science Teachers Research for Vital
Involvement), which is a cooperative
venture of Oak Ridge Associated
Universities and ORNL.

In an effort to expand our teacher training
activities, we have helped develop a multilabora-
tory proposal to the National Science Foundation
reque ~~  support for a program to utilize the
facilities of the national laboratories for teacher
development. In this program, every participating
laboratory would develop training activities in an
area of particular strength. For example, ORNL
would offer training in the materials sciences to
kindergarten through sixth grade teachers because
of our excellent facilities and outstanding exper-
tise in this area.

Through all of these efforts. we hope to
encourage teachers to develop and maintain links
with technical staff members at ORNL, establish-
ing an area-wide, or even nationwide, science
education support network. connecting the needs

of the schools with the resource« of ORNL and the

other national laboratories.
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ESU starm mempoer
Nelson Edwards
shows teacher
Diane Fellows of
Clinton how to
measure the
effects of acid rain
and ozone
exposures on the
needle pigments
of loblolly pine.

Linda Cain, who came to ORNL in 1986, is the
Precollege and Special Projects Administrator for
the University and Educational Programs Office,
She holds an M.S. degreein education from

rida Atlantic University,as wellasan M.S.
reein chemistry and an Ed.D. degreein

:nce education from the University of Tennes-
. A former teacher at Webb School of
oxville, she has received numerous teaching
ards. She was general chairman of the 1988
ernational Science and Engineering Fair

d in Knoxville, and is current president of
Science Association of Tennessee.
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Animal response
to toxicant
exposure is a
function of the
concentration of
chemical in the
environment and
the length of
exposure. The
biomarker ap-
proach targets
early responses
(lower left) that
are useful in
predicting long-
term, irreversible,
adverse effects
(upper right).
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Biomarkers
for Pollutants

By John F. McCarthy, S. Marshall Adams, Lee R. Shugart,

and Braulio D. Jimenez

wenty-five years ago, Rachel
Carson’s Silent Spring galvanized
public concern about toxic chemicals
(e.g.. DDT and other insecticides) in
the environment. In the interim, landmark environ-
mental legislation has made huge strides in identi-
fying and regulating the release of contaminants.
Yet, it is still surprisingly difficult to decide
whether measurable levels of contaminants in soil,
water, or air pose a long-term threat to an ecosys-
tem or to humans. At a typical waste disposal site
or river receiving industrial effluents, detailed
chemical analyses of soil, air, water, plants, and
fish can yield a laundry list of potentially toxic
compounds, most of them at concentrations below
clearly toxic “action levels.” The total toxic effect
depends partly on each chemical’s location and

BIOMARKERS:

DISEASE

TOXIC EXPOSURE
CONCENTRATION

DECREASED
REPRODUCTION

ability to enter the organism(s) of concern; for
example, a part-per-trillion level of dioxin in water
may be more harmful to a fish than a part-per-
million level in sediment. Furthermore, the toxic
effect of a “brew” of chemicals could not be pre-
dicted, even if we understood the action of each
component; mixtures may have effects greater than
or less than the sum of the toxicities of the chemi-
cals (synergism or antagonism).

Chemical analyses at these low concentrations
are very expensive and provide data that not only
are difficult to relate to a biological effect but may
not even accurately reflect the status of chemical
concentrations over time and space. A chemical
sampling is a “snapshot” that does not take into
account changes that can occur over time or as a
result of storm events, shifts in wind direction and
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a molecular response to toxicant exposure.

Braulio Jimenez of ESD has shown that fish in
contaminated streams have significantly higher
levels of several components of the mixed func-
tion oxidase (MFO) system than fish from refer-
ence streams. MFO is a polyfunctional enzyme
complex found in the liver that is induced by a
variety of organic contaminants. Jimenez's work
has also illustrated the importance of understand-
ing the influence of environmental variables in the
application and interpretation of biomarkers. For
example, the MFO system is more responsive to
contaminant exposure in fish acclimated to
warmer temperatures; consequently, care must be
taken in comparing results from fish collected in
different seasons or from waters of differing tem-
peratures. Cellular damage to the liver resulting
from either the presence of cytotoxic agents or
heavy infestations of parasites can not only alter
the capacity of the MFO system to be induced but
also cause the release of hepatic enzymes into the
bloodstream. None of these complications prevent
the use of the system as a biomarker, but these
interactions must be considered to properly
interpret the responses.

Another detoxification system exists in animals
exposed to toxic metals. Exposed organisms will
synthesize higher-than-normal levels of the
low-molecular-weight, metal-binding proteins
(metallothioneins), which prevent metals from
entering cells and exerting toxic effects. Bruce
Jacobson of the Biology Division has been col-
laborating with us to modify and improve a tech-
nique he developed for studying metal metabolism
in the fruit fly, Drosophila, and measuring levels
of metallothioneins in fish. Using this rapid proce-
dure, we have demonstrated that fish exposed to
metals in the laboratory and fish from metal-
contaminated streams have significantly higher
levels of metallothionein than fish from pristine
streams.

Guy Griffin, of the Health and Safety Research
Division, is collaborating with us to develop and
evaluate biomarkers of immune system function.

He is developing an assay to measure interferon
levels in fish and to quantify the effects of con-
taminants on the protective increases in interferon
levels that occur when fish are challenged with a
virus.

One of the key parameters in predicting the
population-level effects from toxicants is repro-
ductive competence (i.e., the number of healthy
offspring produced). Mark Greeley, a fish-repro-
duction physiologist in ESD, is developing crucial
links between toxicant exposure and population-
level effects in an ecosystem. Reproductive suc-
cess is related not only to the direct effects of
toxicants on critical molecular, biochemical, and
endocrinological functions, but also to indirect
effects (e.g., changes in the food chain of the or-
ganism can affect the accumulation of energy
reserves necessary for reproduction).

Marshall Adams of ESD has been evaluating a
number of biochemical, physiological, and tissue-
and organ-level parameters such as blood chemis-
try, histopathology, lipid storage, RNA/DNA
ratios, and growth, as biological indicators of
population-level effects (see photograph on
p. 85). He has been comparing data from field sur-
veys of fish in streams around Oak Ridge with
laboratory data to examine the effects of contami-
nants on respiratory physiology and bioenergetics
of critical life processes. Adams also leads field
expeditions to examine fish from areas contami-
nated with a range of chemicals. He and Jimenez
have sampled portions of the Elizabeth River near
Norfolk, Virginia, which is polluted by carcino-
gens from an old creosote factory, as well as areas
of the Pigeon River, which receives effluents from
a pulp and paper mill in North Carolina. An entire
suite of biomarkers, from the biochemical to the
population level, are being measured for these
fish.

The various classes of biomarkers can provide
information on environmental contamination in
several ways:

[ Animals can act as sentinels of bioavailable
contaminants, because they integrate exposure
spatially, temporally, and cumulatively to
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provide data that can complement and extend
the usefulness of chemical survey data. Signals
of exposure, either biomarkers or measured
concentrations of persistent contaminants in
the animals, can identify “hot spots” of toxic
chemicals in the environment. This informa-
tion can help determine the order in which
waste sites should be cleaned up, document the
effectiveness of remediation, or just warn of
the potential for human exposure.

Animals can act as surrogates for human ex-
posure. Animals collected, for example,
around hazardous waste sites or in adjacent
areas of human population are helpful in
evaluating human health effects. Animals can
identify locations of bioavailable contaminants
and help define areas of exposure for human
populations. Animal surrogates are free from
the lifestyle (e.g.. cigarette smoking) and
workplace factors that complicate and con-
found epidemiological investigations in hu-
mans. Human risk assessments could be im-
proved by extrapolating doses measured in
animal surrogates to equivalent levels in hu-
mans through the use of metabolic models
such as those described by Curtis Travis (see
p- 187). Biomarker responses in animal sur-
rogates also provide information on the conse-
quences of chronic exposure to chemicals in
the environment that can contribute to under-
standing the relationship between exposure
and disease in humans.

Biomarkers in animals can be predictors of
ecological effects. The long latent period be-
tween exposure to toxicants and the expression
of ecological effects (for example, the loss of
key commercial or sports fisheries or decline
of an endangered species) has complicated en-
vironmental protection and prevented interven-
tion before the damage becomes irreversible.
Ultimately, we would like to use biomarker re-
sponses as short-term predictors of long-term
ecological effects.
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n summary, the approach we are developing
applying at ORNL is to use molecular, bio-
mical, and physiological biomarkers in animals
fetect and assess the effects of contaminants in
environment. Our research has addressed

cific problems in assessing the effects of pollu-
s and the effectiveness of improved waste
tment on the health of aquatic organisms in

¢ Ridge Reservation streams. We will soon be
<ling similar questions of chemical exposure
effects in mammals in a desert environment.

__marker research, an applied problem, also con-
“iutes to our basic understanding of the actions

'

| interactions of toxicants in critical target tis-
s, whether thev he in fish, herring gulls, or
uga whales

in McCarthy is leader of the Biological
emistry Group in the Environmental Sci-

‘es Division. He received a Ph.D. degree in
logical oceanography from the University of
ode Island and did postdoctoral work at
!NL’s Biology Division before coming to

D in 1980.

irshall Adams has been an ESD research

ff member since 1974. He has a Ph.D. degree
narine sciences from the University of North
rolina.

2 Shugart is an ESD research staff member
1 an adjunct faculty member of the Univer-
/ of Tennessee—Qak Ridge Graduate School
Biomedical Sciences. He received his

D. degree in microbiology from the
iversity of Tennessee and did postdoctoral
rk in ORNL’s Biology Division.

aulio Jimenez is an ESD research associate
1 an ad honorem professor at the University
Puerto Rico. He received his Ph.D. degree in
rine sciences from the University of Puerto
'0 and then worked as director of the Office
Environmental Research for the Environ-
ntal Quality Board of the Puerto Rican
/ernment.
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Steve Lindberg,
one of the
authors, was
recently elected
chairman of the
U.S. National
Atmospheric
Deposition
Program.
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Atmosphere—-Canopy
Exchange in Forests

By George Taylor, Steve Lindberg, Paul Hanson, and Chuck Garten

n both the physical and life sciences, the
exchange processes that occur at transi-
tions between phases (e.g., gas-liquid,
liquid-solid) are of fundamental impor-
tance. In terrestrial landscapes, one of the most
pronounced transitions is that between the atmos-
phere (gas phase) and biosphere (liquid and solid
phases). Forest trees create a highly visible and
important boundary layer in which the inertia of
the turbulent free atmosphere is dissipated, and
molecular-level interactions begin to control ex-
change processes. Research in the Environmental
Sciences Division (ESD) at ORNL is addressing
multiple aspects of exchange at this atmosphere-
canopy interface, including the deposition to trees
of atmospheric pollutants such as sulfates and
the emission by trees of trace amounts of sulfur-
containing gases.

Studying atmosphere—forest canopy interactions
is an interdisciplinary effort involving atmospheric
chemistry and physics, biogeochemistry,
meteorology, toxicology, and plant physiology.
An understanding of exchange processes at the
atmosphere-canopy interface is important in
assessing

U the biogeochemistry of terrestrial landscapes;

L the role of the biosphere as a source of and sink
for trace gases, which influence the chemical
and physical properties of the atmosphere and,
thus, affect global climate; and

L the influence of atmospheric pollutants on the
physiology and growth of forest trees and agri-
cultural crops.

The effects of atmosphere-canopy ex-
change processes on the biogeochemistry of
terrestrial landscapes have received increas-
ing attention in the last decade, with the rec-
ognition that prolonged atmospheric inputs
of sulfur, nitrogen, and hydrogen might
influence e nutrient cycling and productiv-
ity of forests. One of the major issues to be

resolved is the spatial distribution of these

atmospheric inputs, reflecting the combina-

tion of marked differences in pollutant con-
centrations among regions and the differen-
tial scavenging efficiency of forest canopies

‘ for atmospheric gases and particles.

To more fully understand this issue, the

| Integratec  orest Study was conceived and

! is being managed by ORNL scientists Steve
Lindberg and Dale Johnson. The objective

| of this project funded by the Electric Power

: Research Institute is to intensively charac-

' terize the atmospheric deposition and nutri-
ent cycling at 13 forest sites in the United
States, Canada, and Europe (see figure on

. next page). Through a comparison across
sites, we can then investigate the processes
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ESD researchers advance our understanding of pollutant

240

N
-h
o

sy
o
o

150

120

N
(=

SULFATE (meq * m™2« year™)
@ o
(=] (=]

TTITT[TT[TTTT T ITTTTTT]

%,

CLOUD/FO!

DEPOSITION

WET DEPO TION

DRY DEPO

TION

peda et st be el b bl

o

Numbers Two and Three, 1969

\‘§<§
NMNRA
AN B N
CP HF TL DF RA

SITE

gas effects on forests.

Ine crri
integrated Forest
Study’s goal is to
characterize the
atmospheric
deposition and
nutrient cycling at
13 forest sites in
the United States,
Canada, and
Norway. The sites
named on both
the graph and
map are Smokies
Tower (ST), Duke
Loblolty (DL),
Loblolly Pine
(LP), Coweeta
Pine (CP), Hunt-
ington Forest
(HF), Turkey
Lake (TL),
Douglas Fir (DF),
and Red Alder
(RA). Other sites
on the map are
Findley Lake
(FL), Smokies
Spruce (SS),
Smokies Beech
(SB), Coweeta
Hardwood (CH),
Georgia Loblolly
(GL), Florida
Slash Pine (FS),
Whiteface (WF),
Maine Spruce
(MS), and
Norway Spruce
(NS).
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1Taee punutarit
gases from the
atmosphere are
absorbed by

the leaves of
coniferous trees,
where they reach
interior leaf
tissues through
microscopic
pores called
stomata.
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DEPOSITION OF TRACE GASES TO CONIFEROUS FORESTS
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Pollutant gases are absorbed by plant canopies
because a chemical gradient exists between the
atmosphere surrounding individual leaves and the
sites of absorption, either on the leaf surface or in
the leaf interior (see figure above). Interior tissues
of the individual leaves are accessible to pollutant
gases through microscopic pores (stomata) that
regulate the bidirectional exchange of gases. Sto-
mata serve as highly sensitive servomechanical
devices similar to a thermostat.

The unique structural and functional properties
of stomata prompted scientists in ESD’s Physio-
logical Ecology Group (Paul Hanson, Carla Gun-
derson, and George Taylor) to propose a new
concept of leaf-atmosphere exchange based on the
two-layer stagnant film model developed decades
ago in chemical separation science. In the model,
phase transition occurs at the gas-liquid interface
in the leaf interior and the partitioning of mole-
cules across this interface is based on Henry’s law,
a basic principle of physical chemistry. This
research is supported by DOE's Office of Health
and Environmental Research.

One of the most significant corollaries of this
model in physiological plant ecology is that the
leaf functions as a chromatographic column, sepa-
rating chemical mixtures of gases into individual

GUARD CELL
STOMA

CUTICLE
EPIDERMIS

SUBSTOMATAL
CAvVITY

components as they diffuse into the leaf. Thus,
pollutant gases are absorbed at different sites in
the leaf interior, depending on their physicochemi-
cal properties in both the gas and liquid phases.
Water-soluble gases (e.g., SO,) are extracted im-
mediately as they diffuse into the leaf interior, and
less soluble gases (e.g., ozone) permeate the leaf
interior more uniformly and deeply. This pattern
helps explain two long-standing issues in the
physiological ecology of pollutant gases: (1) the
tissue-specific toxicity of pollutant gases with re-
spect to leaf functions and (2) patterns of meta-
bolic dysfunction resulting from the interactive
effects of pollutant mixtures.

At the leaf level, absorption is controlled by a
combination of physiological and environmental
factors, each having a highly specific role. To in-
vestigate these phenomena as part of EPRI’s Inte-
grated Forest Study, we measure absorption of
trace gases in our Glass Dome Reactor System, a
unique controlled-environment facility. For ex-
ample, nitrogen dioxide (NO,) is a common con-
stituent of the troposphere and plays a major role
in atmospheric chemistry, nutrient inputs in terres-
trial landscapes, and plant physiology. Although
atmospheric concentrations are well characterized,
the atmosphere-to-vegetation transfer is not. In the
Glass Dome Reactor System, we have clearly
demonstrated that NO, absorption in both
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hardwoods and conifers is controlled by the
physiological functioning of the stomata—when
stomata open, NO, absorption increases substan-
tially: when stomata close, the leaf is no longer a
sink for the gas. Our data are shown in the graph
on this page. Because this pattern is common
across species, we can model NO, deposition to
forest canopies simply by tracking stomatal

physiology.

More than 25 years ago, ESD ecologists pio-
neered the use of radioisotopes to study biogeo-
chemistry in forest stands. More recently, Chuck
Garten of the Ecosystems Studies Section has used
a short-lived radioisotope of sulfur (sulfur-35) to
learn more about how forest trees adapt to the
increasing sulfur deposition associated with acid
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in. Small amounts of sulfur-35 are injected into
ature deciduous and coniferous trees to trace the
:havior of stable sulfur. These experiments have
answered one question about the behavior of
sulfur in trees and raised another, somewhat
1iexpected, issue.
Garten'’s studies of the isotope showed that the
aching of sulfur from inside tree leaves by rain-
Il is small. Thus, the commonly observed
crease of sulfur concentrations in rainfall col-
cted below forest canopies (called throughfall)
sults primarily from the “wash off™ of particle
d gaseous sulfur deposited and adsorbed on the
af surface. In the past, quantification of sulfur
position to forests was difficult, because the
chitecture of the forest canopy is so complex
d variable among sites. With Garten’s findings,
ologists have a new means for investigating
d quantifying the deposition of sulfur to
rest canopies.

k]

1 he absorption
of NO, by tree
leaves is con-
troiled by the
physiological
functioning of the
stomata. ORNL
researchers can
mode! NO, depo-
sition to forest
canopies simply
by tracking sto-
matal physiology.
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The sulfur-35 experiments have raised new
questions about atmosphere-canopy interactions—
namely, the extent of gaseous sulfur emissions
from forest trees. Laboratory studies have previ-
ously shown that leaves emit volatile sulfur
compounds in response to environmental sulfur
exposure. This process, called biogenic emission,
is thought to be a detoxification mechanism. From
the sulfur-35 studies, it is clear that sulfur is re-
leased from the canopies of decic s and conif-
erous trees through volatization (see figure on
previous page), and this finding leads
to the hypothesis that biogenic emission is an
important mechanism by which forest trees
physiologically adjust to excess sulfur in their
environment. Moreover, it suggests that vegetation
canopies may be a significant biogenic source of
trace gases such as hydrocarbons (in general) and
sulfur-containing gases (in particular).

Characterizing the extent, magnitude, and spa-
tial distribution of this trace-gas production is
important in understanding long-term changes in
the physical and chemical properties of the atmos-
phere on a global scale.

Many aspects of atmosphere-canopy interac-
tions remain unresolved. For the immediate future,
the most important issues in atmosphere-canopy
exchange are its role in global climate change and
biogeochemistry and the physiological mecha-
nisms underlving the effects of pollutant gases on
forest trees.
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ORNL’s Environmental Sciences Division—
Ecological Toxicology, Ecosystems Studies, and
Geosciences.

George Taylor, who has been an ORNL staff
member since 1979, earned his Ph.D. degree
from Emory University. He was a recipient of
the National Academy of Sciences—National
Research Council Postdoctoral Fellowship in
Plant Physiology and is a member of the Clean
Air Science Advisory Committee for the U.S.
Environment Protection Agency. He serves
on the editorial board of the Journal of
Environmental Quality.

Steve Lindberg, who received his Ph.D. degree
from Florida State University and came to
ORNL in 1974, is a co-author of the book
Atmospheric Sulfur Deposition. His awards in-
clude the Humbolt-Stiftung Foundation Fellow-
ship Award and several Martin Marietta publi-
cation and achievement awards. In 1989 Lind-
berg was elected chairman of the U.S. National
Atmospheric position Program.

Chuck Garten, who has been at ORNL since
1976, has an M.S. degree from the University of
Georgia.

Paul Hanson came to ORNL in 1986 after re-
ceiving his Ph . degree from the University of
Minnesota.

The authors acknowledge the contributions
to this article of Carla Gunderson, Doug
Schaeffer, and Jim Owens.

Oak Ridge National Laboratory REVIEW







98

The Walker Branch
Watershed Project:
20-Year Results

By Jerry Elwood, Dale Johnson, Robert Van Hook, and Webb Van Winkle

n 1967 ORNL’s Environmental Sciences

Division (ESD) initiated the Walker

Branch Watershed Project on the Oak

Ridge Reservation. The project, which
had been funded for 20 years by the Atomic En-
ergy Commission and its successor agency, the
Department of Energy, focused on three principal
objectives:

( developing baseline data on an unpolluted for-
ested watershed ecosystem,

[ expanding our knowledge about chemical
losses and movements of nutrients and con-
taminants (cycling) and water (hydrologic
transport) in natural forested ecosystems, and

( providing a basis for the construction of mathe-
matical models for simulating the behavior of
forested watersheds and predicting the effects
of human activities on such ecosystems.

decomposition, and below-ground biological proc-
esses with ongoing DOE-supported research char-
acterizing the geology, soils, hydrology, and
cycles of maj.  1utrients on the watershed.

With funding from the NSF RANN (Research
Applied to National Needs) Program, we began
work on trace-element cycling in Walker Branch
Watershed in 1974, using our already extensive
data base on hydrology, soils, vegetation, and
meteorology. We developed “budgets” for
cadmium, lead, and zinc (estimates of quantities
entering and leaving the watershed), significantly
increasing our understanding of the cycling of
these elements in the Walker Branch Watershed
ecosystems.

Our basic biogeochemical cycling research
was also supplemented in 1978 by two major
new projects. The first, funded by the NSF Eco-
system Studies Program, was the experimental
verification of e spatially dependent cycling or
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Patrick
Mulholland
retrieves data
from remote,
battery-powered
instruments that
continuously
record water flow
through flumes
placed on springs
discharging to
Walker Branch, a
small stream.
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spiraling of nutrients phosphorus (P) and nitrogen
(N) in streams. This work provided quantitative
information on the efficiency with which a stream
ecosy utilizes the available supply of a nutri-
ent relative to its downstream flux (i.e., how much
of each nutrient is used by the stream’s organisms,
and how much washes downstream). The second
project. sponsored by the Electric Power Research
Institute, addressed atmospheric deposition and
the effects of acidic precipitation on forests. This
study showed that the amount of sulfur com-
pounds leached from soil soaked by acid rain de-
pends heavily on the amount of dry deposition of
sulfates and the ability of the soil to retain them.

The Walker Branch Watershed Project is one of
only a few long-term intensive ecosystem studies
done in the United States. Numerous collaborators
from universities, national and international insti-

tutes, and federal agencies (particularly
the National Oceanic and Atmospheric
Administration’s Atmospheric Turbu-
lence and Diffusion Division in Oak
Ridge) have been involved in the project.
These two decades of research are sum-
marized in a recently published book pre-
senting a comprehensive site description
of Walker Branch Watershed; in-depth
analyses of its biogeochemical cycling,
carbon cycling and productivity, water
balances, forest micrometeorology, and
stream spiraling; and mathematical simu-
lation modeling.

Our most significant scientific accom-
plishments in this research have been in
documenting the importance of dry depo-
sition in atmosphere—-forest canopy inter-
actions; defining the role of soil macro-
pores in hydrologic and contaminant
tran ort; analyzing the biogeochemical
cycles of carbon, nitrogen, sulfur, major
cations (e.g., calcium and magnesium),
and several trace elements; and establish-
ing long-term data bases on atmospheric
deposition, hydrology, stream flow, bio-
mass, and soils. Our atmospheric deposi-

tion research has helped prove the significance of
dry deposition in the overall atmospheric input of
elements (e.g, sulfur) to the watershed; for ex-
ample, our studies have shown that dry deposition
represents 50% of the overall input.

Detailed hydrology studies conducted by Bob
Luxmoore, Glen Wilson, and Phil Jardine have
identified the important role of large soil pores
(macropores) in subsurface water transport, lead-
ing to the development of additional research
activities and proved simulation models for
below-ground water transport. Transport of solutes
from the hillslope to lower landscape positions on
the watershed during storms has been found to be
largely controlled by preferential flow through
macropores. Thus, during storms, the mobility of
highly reactive constituents in soil, such as dis-
solved organic carbon, increases significantly.
Slow vertical migration through smaller pores
of the soil matrix is also a significant transport
process for some solutes during drier periods.
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vale Johnson
inserts a
lysimeter into
the soil on
Walker Branch
Watershed.
Lysimeters are
used to collect
soil water for
chemical analysis
of nutrients and
environmental
contaminants.
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Branch Watershed. along with the forest growth
simulation models developed at ORNL, are useful
in assessing the effects on forests of human
stresses such as air pollution.

As research on Walker Branch Watershed en-
ters its third decade, the scope continues to ex-
pand. We are initiating new studies to investigate
the biochemical cycling and transport of selected
nutrients along the upslope-to-downslope axis of

Walker Branch Watershed on different space and
time scales. We will focus on developing a quanti-
tative description of carbon (C), N, and P fluxes
and chemical transformations. The research is
needed because the transport, fate, and bioavaila-
bility of these nutrients provide sensitive indices
of the dynamics of watershed systems and because
the cycling and transport of these nutrients may be
coupled directly or indirectly with the transport,
fate, and effects of some
energy-derived contami-
nants, such as toxic trace
metals and organic
chemicals.

The major theme of our
current work is quantifi-
cation of hydrologic,
chemical, and biotic link-
ages between components

: (e.g., canopy, litter, min-

‘ eral soil, and groundwa-
ter) and between subsys-
tems (e.g., upslope,
riparian, and stream) of
the watershed, particu-
larly linkages that tran-
scend traditional ecosys-
tem boundaries, such as
those between ridge tops,
side slopes, and valley
bottoms and between ter-
restrial and aquatic sys-
tems. We plan to quantify
the extent to which, and
conditions under which,
biogeochemical processes
in upslope and upstream
systems influence the
magnitude and forms of
C, N, and P fluxes (and,
in turn, biological re-
sponses) in downslope
and downstream systems.
Because most of our past
studies on the watershed
have been conducted
within individual
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components and subsystems of the Walker Branch

Watershed, connections between these compo-
nents and subsystems have not received as much
attention. Thus, our conclusions have been too
limited to be extrapolated to other systems.

During the next decade, we plan to continue this

research. addressing questions about how and
when watershed components and subsystems are

functionally linked. We anticipate that by expand-

ing the spatial boundaries of our research, we will
facilitate conceptual advances in watershed
science. Hierarchical analysis is one approach we

plan to use in identifying the hydrologic pathways

and biogeochemical processes most important in

controlling the chemical forms and fluxes of C, N,

and P on various space scales (e.g., on a 0.5-ha
hillslope near the ridge line vs in the perennial
stream draining the 40-ha western section of
Walker Branch Watershed) and time scales (e.g..
storm events vs base flow).

We initiated the Walker Branch Watershed
Project with the goal of understanding the basic
biological, chemical, and physical processes and
their interactions that govern the cycling and
transport of materials in forested watershed eco-
systems. Although the project began years before
public concerns arose about acidic precipitation,
increases in atmospheric carbon dioxide, emis-
sions of trace elements from industrial sources,
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d shallow land burial of hazardous wastes,

1at we have learned from these studies about
itershed ecosystem dynamics has provided the
sis for quickly responding to such problems.

ar results have demonstrated the value of
ng-term basic research in providing the knowl-
ge needed for understanding and resolving these
d other serious environmental problems that

ay arise
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s Ph.D. degree in ecology from the University
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om the University of Washington. He has
ceived ESD’s Scientific Achievement Award,
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103









These percolation-
theory results
indicate that the
effects of habitat
disturbance
become obvious
when a given
habitat occupies
~60% of

the landscape area
(p = 0.6). Above
this critical value,
disturbance
intensity becomes
increasingly
important.

Number of edges
observed on a
randomly gener-
ated map as

a function of p,

a particular
habitat's
occurrence on
the map.
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Complexities of
Acidic Deposition

By S. B. McLaughlin, J. W. Elwood, R. B. Cook, D. W. Johnson,

S. E. Lindberg, R. J. Olson, and R. S. Turner

he deposition of strongly acidic sulfur

and nitrogen oxides resulting from

combustion of fossil fuels has been

blamed for the decline and death of
forest trees, reduced soil fertility, destruction of
fish populations in lakes and streams. deterioration
of surface details of marble monuments, and even
impaired human respiratory function. However,
the fate and effects of the acidic substances in the
gases, particles, and precipitation that constitute
“acidic deposition” are still very controversial
issues, and the cause-and-effect linkages demon-
strated to date have not yet proven sufficiently
compelling to force legislative control of industrial
emissions in the United States. The challenge and
national urgency of obtaining evidence to deter-
mine scientifically whether strict emission con-
trols would benefit the environment has drawn
many ORNL scientists into national research
programs on the environmental effects of acidic
deposition.

Acidic deposition first became an environ-
mental issue of public interest in 1972, when
Sweden reported to the United Nations that Euro-
pean air pollution was threatening living organ-
isms in Scandinavian streams, soils, and forests.
Since that time, the environmental impact of
acidic deposition has become a hotly debated,
international issue. Why the concern? What are
the major points of controversy? And what
role has ORNL played in resolving the principal
issues?

Concern about the effects of acidic deposition
stems from several sources. First, changes in the
chemistry of our precipitation, soils, and streams
have been measured over large regions. These
measurements indicate that inputs of acidity in and
downwind of industrialized regions have increased
substantially over expected normal background
levels and that the atmospheric environment has

been altered over areas extending hundreds of
miles from the centers of industrial activity. In the
Oak Ridge area and in much of the northeastern
United States, for example, the acidity of annual
rainfall averages about 5 times the expected value
based on the chemistry of unpolluted atmospheres.
On Clingmans Dome in the nearby Great Smoky
Mountains National Park (GSMNP), trees and soil
are frequently exposed to cloud moisture that, on
the average, is several times more acid than low-
elevation rainfall in surrounding areas.

Coincident with changes in atmospheric chemn-
istry have been widespread reports of deterioration
in the environ  ntal quality of forests, soils, and
streams. According to some reports in the popular
press, this ecological damage could be eliminated
by immediately reducing the sulfur and nitrogen
oxides released by fossil-fuel combustion. Unfor-
tunately, the s tion may not be so clear and
simple.

Many uncertainties remain about the chemical
and biological mechanisms responsible for the
observed environmental changes attributed to
increases in acidic deposition. The aquatic and
terrestrial ecosystems at risk are enormously com-
plex, and many processes interact in controlling
the health of these systems as they respond to a
wide array of natural environmental stresses.
Separating the effects of human-induced (anthro-
pogenic) stresses within this complex is, in fact, a
very difficult task. In addition, because of the wide
distribution of acidic deposition and the absence
of long-term monitoring of environmental condi-
tions in most areas, it is difficult to find suitable
“control” areas to determine “normal” conditions
with no acidic deposition. A final major complex-
ity is that the removal of sulfur (and possibly
nitrogen) from emissions will cost many billions
of dollars, possibly leading to harmful economic,
sociological. and environmental consequences.
Because of the difficulty in providing direct proof
linking emissions to widespread environmental
degradation and because of the high costs of
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installing and maintaining control devices, special
interest groups representing industry have strongly
opposed emission control. Thus, a decision to re-
duce emissions must be based on scientifically
(and legally) defensible evidence indicating the
regions that would benefit from emission reduc-
tion, the types of pollutants requiring control, and
the maximum permissible limit for emissions.
Since the mid-1970s, ORNL scientists have ad-
dressed and helped to resolve many of the uncer-
tainties linked to acidic deposition issues. Our
pioneering research projects have grown from
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ORNL researchers help sort out effects of acid rain
on fish, soils, and forests.

small-scale monitoring of rain
chemistry and laboratory exposure
of greenhouse-grown crop plants
to simulated acid rain (initiated by
Dave Shriner and others in 1975)
to regional-scale projects covering
major soil and vegetation gradients
in the eastern United States. Our
research has reflected a belief that
such a complex issue should be
approached at many scales to
understand both the larger-scale
patterns of environmental response
and the mechanisms underlying
those responses. Our patterns-vs-
mechanisms approach has been
useful for investigating the chem-
istry and distribution of acidic
deposition and characterizing its
effects on both terrestrial and
aquatic ecosystems.

\LIZATION Detailed measurements by Steve

Lindberg of ORNL’s Environ-
mental Sciences Division (ESD)
have dramatically increased our
understanding of the nature of
acidic deposition and the total
amount and form of acidity deliv-
ered to the landscape. It was previ-
ously thought that wet deposition
of acidity as rain or snow was the
minant source of acid deposition. However,
earch by Lindberg and colleagues has shown
tdry deposition and cloud-water deposition,
ticularly on the foliage of high-elevation for-
s, may be equally or more important than wet
sosition. Dry deposition includes the scaveng-
: of gases and of particles blown by wind onto
e leaves and needles. Cloudwater deposition
:urs when forests are exposed to wind-driven
uds that deliver acidic chemicals dissolved in

: cloud droplets. Dry and cloud-water deposition
ve been ignored in most previous studies

Major areas of
concern for
interactions of
acidic deposition
with forests
include both
direct effects
(contact with
plant surfaces)
and indirect
effects (changes
in soil chemical
balances).
Influences on
aquatic systems
are related to the
vegetation and
soil that mediate
transport of
acidity to streams
and lakes.
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i iia \aIeidn |9
collects a sample
of benthic
invertebrates
from a stream in
the Great Smoky
Mountains
National Park
This study was
part of a larger
project supported
by EPRI for
examining the
chemistry and
ecology of acidic
and nonacidic
streams.
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empirical watershed models designed to predict
the dynamics of watershed responses to acid
inputs over time. Other models are being used

to forecast changes in water quality for various
pollutant levels. This work, for which Turner was
awarded an EPA commendation, will be a key
component of the 1990 National Acid Precipita-
tion Program assessment of the potential future
effects of acid deposition on stream and lake water
quality.

Two effects of acidic deposition on aquatic life
have aroused concern: (1) acidity itself endangers
stream life, and (2) aluminum, released from soil
to streams by acidic deposition, is toxic to fish.

Most fish do not thrive at pH (acidity) values
below 5.5, which is 10 to 50 times less acid than
current rainfall (pH 4.0-4.5). Where the soils
are naturally very acid, or where anthropogenic
acidification has reduced natural buffering of acid
rainfall, much of this acidity passes directly
through the soils, releasing aluminum and other
potentially toxic metals bound to the soil and car-
rying them into surface waters. EPA’s random sur-
vey of streams in the eastern United States showed
that the acid-neutralizing capacity of streams in
the southern Appalachian region, including the
GSMNP, is among the lowest of any of the

regions sampled. ORNL surveys
have shown that a few streams in
the region are also acidic during
baseflow. More intensive studies of
these streams have shown that sul-
fate and nitrate account for their
acidity. Although the source of
acidity in these streams is not yet
determined, all acidic streams in
the region drain watersheds having
internal sources of nitrogen and
sulfur, suggesting that atmospheric
deposition may not be their primary
source of acidity. These studies,
funded by EPRI, were conducted
by Jerry Elwood, Ralph Tumner, Pat
Mulholland, Tony Palumbo, Mary
Anne Bogle, and Bob Cook.

In anothe: PRI-funded study, ESD staff have
examined the water chemistry and ecology of
acidic and nonacidic streams in the GSMNP in
Tennessee a1 North Carolina and in the Adiron-
dack Mountains of New York. Although water-
shed sources of sulfate and nitrate may contribute
to the strong acidity of GSMNP streams, the
chemistry of these streams is similar to that of
acidic streams in the Adirondacks, which were ap-
parently acidified solely by atmospheric deposi-
tion. Comparative studies of biological communi-
ties and processes in the acidic and circumneutral
streams of these areas indicate that acidification of
stream water has adversely affected almost all bio-
logical components at all levels, including bacte-
ria, algae, invertebrates, and fish. In the more
acidic streams, changes are noted not only in the
diversity of species that populate the streams but
also in the structure of these communities that de-
pend on energy producer—consumer interrelation-
ships that balance system trophic levels. For ex-
ample, both fish and the aquatic insects on which
they feed declined in population as stream acidity
increased. The most acidic streams lacked fish
entirely, and the slightly less-acidic streams
supported only acid-tolerant species such as
brook trout.

One of the important challenges for ESD
researchers studying areas such as GSMNP, where
acidic geological substrates occur naturally, is to
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Bob Cook
samples snow in
the Smokies to
determine the
natural input of
sulfur-35, which is
useful in studying
the dynamics of
sulfur storage and
release in a
forested
watershed.

ORNL
measurements of
annual tree-ring
widths at 31 sites
show that red
spruce growth in
the eastern
United States has
decreased
sharply since
1960, an
unprecedented
departure from
the long-term tree
growth pattern.
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RING WIDTH INDEX

the state of Washington, and one in Norway to
examine the effects of sulfur and nitrogen on
nutrient exchange both within the forest canopy
and within the soil profiles. This research com-
pares site differences in vegetation, soils, and
levels of atmospheric deposition. One early impor-
tant finding from this work is that, at high-eleva-
tion sites in the GSMNP, the high atmospheric
inputs of sulfur and nitrogen oxides are particularly
effective in releasing aluminum from the soil,
making it available for transport to streams.
Forests. Widespread reports of forest death
and decline in Europe (principally in the Federal
Republic of Germany) and in the northeastern
United States during the early 1980s touched off
enormous controversy over whether to attribute the
loss of forests to natural or human causes. Acid
deposition has been in the forefront of this contro-
versy, and Ol L scientists have contributed their
fair share both to the controversy and to its resolu-
tion. In the first regional-scale study of forest
growth trends in relationship to patterns of atmos-
pheric pollut: s, Sandy McLaughlin headed a
study with T. J. Blasing, Linda Mann, and co-
workers in ESD to examine annual growth data
derived from tree cores of nearly 10,000 trees
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representing over 30 species and 15 eastern states
(see figure on previous page). Named FORAST
(Forest Responses To Anthropogenic Stress), this
EPA-sponsored exploratory project was designed
to evaluate the possibility that atmospheric pollut-
ants play a role in the regional patterns, timing,
and magnitude of forest growth changes. The con-
clusion that atmospheric pollution was a plausible
contributor to declines in forest growth generated
tremendous controversy and criticism in 1984,
when these results were first presented. Additional
analyses of those original data and more recent
data collected by ORNL scientists and other
investigators have substantiated the original
findings.

The year-to-year changes in the chemical com-
position of tree rings in relation to forest growth
trends have also been analyzed. In 1984, Fred
Baes and McLaughlin showed that the annual
growth rings formed by trees reflect past changes
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he trees’ chemical environment, suggesting
t this is a good indicator of changes in the lev-
and composition of past regional pollution. For
imple, old short-leaf pine trees growing in the
MNP’s Cades Cove reflected the acidifying in-
ences of copper-smelting operations at Copper
l—over 50 miles away. Both the intensification
‘hese emissions in the late 1880s and the court-
uced closure of the open-pit smelter were re-
'ted in the rise and abrupt drop in iron levels
nd in the tree rings formed in those years.
Jsing tree-ring samples from the Cades Cove
:s and from spruce, fir, and hemlock trees at
ious elevations in the GSMNP, we found that
more recent trends of decreasing forest growth
responded to increasing levels of aluminum
| decreasing levels of nutrient elements such as
stum in tree tissues. These findings are of inter-
because they suggest ways in which acid depo-
on may affect forest soils and forest growth.
re recently, Ernie Bondietti has greatly refined
theoretical basis for interpreting these changes.
has found that increases in the aluminum-to-
sium ratios in tree rings of many spruce and fir
's growing at highly polluted, high-elevation
s in the GSMNP occurred about 40 years ago,
:n regional emissions of sulfur and nitrogen
Jes increased in the Southeast. This finding
gests that, in calcium-poor soil, the aluminum
Je available to tree roots after acid deposition
s it from soil is taken up by trees in place of
nutrient calcium; as a result, trees are stunted
nade less resistant to other stresses such as
ught or insects. This work is a major advance
larifying the critical role of acid deposition in
:ium leaching and aluminum mobilization in
-ern forests.
‘ree physiology is also being studied to deter-
e whether acidic deposition induces changes in
function. ESD researchers are characterizing
physiology of red spruce trees in high-eleva-
sites in the GSMNP to determine the basis of
:nt reductions in growth rate at those sites. In
ition, at their field research site on the ORNL
rrvation, they are studying the effects of acid
, soil, and ozone interactions on the growth
physiology of loblolly pine.

Using a gas
analyzer and
computer, Chris
Andersen and
Pat Layton
measure
photosynthesis
rates in red
spruce foliage.
They are part of
an ORNL team
studying reduced
forest growth at
high-elevation
sites near
Clingmans Dome.
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In these ORNL
field chambers,
loblolly pine
seedlings are
exposed to acid
precipitation
combined with
ozone. Equipped
with moving, rain-
activated shields,
the chambers can
exclude natural
rain and expose
the seedlings only
to simulated rain
of known
chemistry.
Loblolly pine is
an important
commercial
timber species in
the Southeast.
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Since its formation in 1980, the National Acid
Precipitation Assessment Program has focused on
addressing the many scientific uncertainties re-
lated to acidic deposition. At a national level,
information is rapidly being collected to help
resolve these uncertainties and determine whether
and how emissions should be controlled. ORNL
scientists have played kev roles in this process and
will continue to do so.

Sandy McLaughlin is a senior research staff
member of the Environmental Sciences
Division, which he joined in 1974. A physiologi-
cal ecologist, he has a Ph.D. degree from Duke
University. He is recipient of the ESD Scientific
Achievement Award, a Martin Marietta
Energy Systems Technical Achievement Award,

and an Energy Systems Publication Award.

Jerry W. Elwood, an ESD senior research staff
member, received his Ph.D. degree in aquatic
ecology from the University of Minnesota and
joined ORNL in 1968.

Robert B. Cook became an ESD research staff
member in 1986. He has a Ph.D. degree in geo-
chemistry from Lamont-Doherty Geological
Observatory of Columbia University.

Dale W. Johnson, an ESD senior research staff
member, came to ORNL in 1977, two years
after obtaining his Ph.D. degree in forest soils
from the University of Washington. He has re-
ceived ESD’s Scientific Achievement Award,
two Martin Marietta Energy Systems Publica-
tions Awards, and an Energy Sys-
tems Technical Achievement Award.

Steve Lindberg, an ESD senior re-
search staff member, received his

Ph . degree from Florida State
University and joined ORNL in 1974.
He is recipient of the Alexander von
Humboldt Fellowship Award (Fed-
eral Republic of Germany) and Mar-
tin Marietta Energy Systems awards
for :chnical achievement and publi-
cat ns. He is editing a book, Sources,
Deposition, and Canopy Interactions
of Atmospheric Acidity, and is chair-
man of the U.S. National Atmos-
pheric Deposition Program.

Dick Olson, an ESD research staff
member since 1974, has an M.S.
degree in genetics from Washington
State University and has become a
specialist in data management and
regional ecology.

Robb Turner, a biogeochemist who
joined ESD in 1983 as a Wigner
Fellow and is now a research staff
member, has a Ph.D. degree in
geology from the University of
Pennsylvania.
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United States. Consequently, ESD established
worldwide contacts for carbon data even before
the Division became the recognized center for
carbon cycle research management. Third, ESD’s
interdisciplinary staff contributes the broad range
of expertise needed to perform carbon research. In
particular, ESD has unique computer capabilities
for modeling and information management.

An early ORNL assessment of the global CO,
problem, published in 1976, analyzed the current
state of knowledge, summarized efforts to fill
information gaps, and suggested ways that the
federal government could clarify the environ-

mental and social costs or risks of climatic change.

In 1978, with support from the National Science
Foundation, the Global Carbon Project was devel-
oped to determine whether the combination of
forest and woodlands is a net source of, or sink
for, atmospheric CO,,. (Although green plants
absorb CO,, burning plant material also makes
forests a source of CO,.) Another project goal was
to develop a means for predicting changes in
global carbon balance.

In 1982, ESD began providing managerial guid-
ance and performing needed research for the DOE
national Carbon Dioxide Research Program. Using
its extensive background in carbon biogeochemis-
try research and computer modeling, ESD man-
aged and participated in research to

L determine current and past atmospheric CO,
concentrations, changes, and trends;

L estimate past and future releases of CO, from
fossil fuel combustion;

L quantify direct effects of atmospheric CO, en-
richment of forest tree species (see sidebar on
p- 124);

U analyze the uptake of CO, by oceans;

U assess CO, exchanges between the atmosphere
and the biosphere;

[ evaluate ac  tional carbon fluxes, sources, and
sinks;

U develop models of the global carbon cycle; and

U project future atmospheric CO, concentrations.
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long-term support, and adhere to guidelines of

the International Council of Scientific Unions.
Becoming a World Data Center would increase our
prestige in the international CO, research
community.

One of our past projects was estimating the
effects that a rise in sea level would have on
coastal resources. Such effects might include de-
struction of coastal wetlands, inundation of struc-
tures such as roads and hazardous waste sites, and
increased salinity at water intakes. These studies by
Robert Cushman, Dennis Miller, and others even-
tually became a part of DOE’s Resource Analysis
Program.

Another unique project was CDIAC’s involve-
ment in a joint research effort sponsored by DOE
and the People’s Republic of China to study the
effects of increasing atmospheric CO, on climate.
In the initial arrangement, the United States sup-
plied the Chinese with personal computers for the
analysis and exchange of climatic and other data
collected over many centuries.

Tommy Nelson of CDIAC developed and estab-
lished a computer system for the project, Paul
Kanciruk developed a standard operating procedure
for data exchange, and we are continuing to pro-
vide technical personnel support. Over the course
of the project, more than 64 million data elements
will be exchanged.

The Center also distributes carbon-dioxide-
related numeric data packages (NI 3) and com-
puter model packages (CMPs) containing written

,— TASK LEADER
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-
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Data Resaarchers/ |
Analysis Pnhcymakem
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FCO World
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documentation and magnetic
tapes with data and model
software supplied by con-
tributors through cooperative
agreements. The documenta-
tion includes an abstract, a
data- or source-code listing
(either in tabular form or on
microfiche), a FORTRAN
data retrieval program, gra-
phical displays of the data or
model output, and reprints of
pertinent literature. Since
1985, Tom Boden and
others have assembled 34
NDPs and 2 CMPs.

CDIAC also maintains a Carbon Dioxide Biblio-
graphic Information System (BIS) data base cur-
rently containing more than 10,000 citations, or-
ganized according to the major CO, program areas.
Searches are performed on request. The BIS serves
a vital functior ) the research community by col-
lecting the literature on diverse subjects related to
climate change.

If atmospheric CO, levels significantly increase
in the future, and if climate changes occur as a
result, what will be the effects of these changes?
This ultimate public concern is being addressed by
ESD scientists in DOE-sponsored work, including
identification of the research and data needed to
resolve the major uncertainties.

A group of ESD staff, under Bob Cushman’s
leadership, suggested several investigations in the
area that came to be known as the Resource Analy-
sis Program. First, the effects of both the atmos-
pheric CO, itself and the carbon-dioxide—induced
climate changes must be accounted for. Second,
the list of resources to be considered must be
expanded. Agriculture and water resources
have been extensively studied in relation to the
effects of climate change, but less attention has
been given to fi :ries, forests, and human health.
Other economic and social resources known to be
sensitive to we: r and climate (e.g., recreation)
must also be considered.
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Producing

Energy Crops

By J. W. Ranney, J. H. Cushman, P. A. Layton, L. L. Wright, and A. F. Turhollow

RNL is spearheading a research
effort that could help farmers use
their land more efficiently and pro-
vide a significant domestic energy
source for the nation. The project focuses on
biomass—organic matter derived from trees,
shrubs, grasses, manure, and municipal waste.
Biomass production can be both an alternative for
farmers facing shrinking markets for conventional
crops and an alternative to petroleum as an energy
source. In fact, biomass is the only domestic

source of renewable energy that can provide a
liquid transportation fuel. Biomass could supply
about as much liquid fuel as U.S. petroleum im-
ports (about 20 EJ/year of alcohol, gasoline, and
diesel fuel). It could help make the United States
energy self-sufficient. Public concern about fossil
carbon accumulation in the atmosphere and the
prospect of alternative farm crops have also
increased interest in biomass crops.
The Department of Energy’s research on
biomass energy systems covers both growing
biomass and converting it to
biofuels. ORNL provides
leadership in the research
related to growing new herba-
ceous and wood energy crops,
managing programs that now
involve more than 25 research
institutions. Part of our respon-
sibility is to ensure that the
energy Crops are appropriate
for the thermochemical and
biochemical conversion sys-
tems under development by
other DOE laboratories. To-
gether with these laboratories,
we are working on biomass
analysis and testing and on
technical and economic analy-
ses of biomass energy systems.
The goal of DOE’s biomass
production research is to
develop new energy crops that
maximize energy production
while minimizing cost.
Research has focused primar-
ily on very-fast-growing trees
and grasses. Such crops can be
grown inexpensively and the
entire aboveground production
becomes the energy feedstock,
rather than just a portion of it,
as in conventional food or
fiber crops. Secondary empha-
sis is on oil production from
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winter rapeseed and microalgae. Research to date
has addressed several major areas for improving
terrestrial (land-based) crops to meet large energy
demands and specific energy requirements. Some
of the research activities are (1) screening native
and exotic species for fast growth and other capa-
bilities, (2) testing innovative cultural systems,
(3) identifying physiological and chemical
characteristics important for crop improvement,
(4) breeding improved species, and (5) coordinat-
ing biomass handling and economic evaluations.
This U.S. program is leading the world in physio-
logically defining plant growth mechanisms for
genetic improvement.

Short-rotation woody crops are closely spaced,
fast-growing trees raised in plantations under
intensive culture (similar to that used for agricul-
tural crops) and harvested every 3 to 10 years.
The concept is appropriate for marginal-to-good
agricultural land and can achieve biomass
productivity rates of up to 12 to 20 Mg/ha/year,
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ORNL-managed research improves yields of biomass energy crops.
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uch higher than eastern Tennessee’s natural-
and productivity of about 2 to 4 Mg/ha/year.

Over 140 tree species, mostly hardwoods and a
w pines, have been evaluated for fast-growth
ipability in hundreds of experiments throughout
e United States. In many regions, 20-cm-diam
-in.) full-sized trees can now be grown and har-
ssted in 5 to 8 years. Growth is a good predictor
"energy production. Hardwoods have been given
le most attention because some show faster early
rowth than pines, and they generally have the
sility to resprout from stumps once they have
zen cut, saving replanting costs. Hardwoods also
'spond much better to intensive silvicultural
ractices. Research has defined the species and
te limitations for wood energy crops and has
:lped to develop successful establishment and
‘op-tending techniques.

The rapid-growth characteristics of the genus
opulus (poplar, cottonwood, aspen), as well as
wur other species (silver maple, American syca-
ore, black locust, and sweetgum), are being
saluated to identify the physiological processes
:sponsible for their superior growth and to learn
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how they can be further improved. Because of
their superior growth, they have been identified as
model species on which to focus research. Limited
research in the semiarid Southwest has identified
mesquite and fourwing saltbush as species of
interest. The map on the previous page shows
sites of biomass experiments and suggests the
large-scale potential for wood energy crops in
these areas.

Growth at research sites has been extremely
variable, and in several cases, surprisingly high
(see table at end of article). What has been even
more surprising is that growth in large-scale
commercial trials has been only about 10% less
than growth in experimental plantings, whereas
50% shortfalls were anticipated. A data base on
short-rotation intensive culture documenting the
experimental results of DOE-funded research
has been developed at ORNL. Analysis of the
data base information can assist in understanding
the factors affecting growth responses on a
continental scale.

The short harvest cycles and high productivity
characteristics of short-rotation forestry provide an
economic opportunity to small
landowners. Intensive cultural
practices such as weed control,
fertilizers, and pest/disease
control can maximize growth
capacity. Genetic studies have
also identified tree gene pools
that can be used to further
improve growth stocks.

In Populus, important traits
contributing to high productiv-
ity in short-rotation systems
include narrow crowns with
small limbs, larger upper leaves
and smaller lower leaves, inde-
terminate growth habit (the
stem elongates throughout the
growing season), pest resis-
tance, and drought tolerance.

Other traits currently under
investigation at ORNL and
elsewhere are root dynamics,
leaf display for  <imum light
interception, photosynthesis,

and dry-matter partitioning. As we learn more
about genetic variation, growth, culture, and con-
version technologies, additional desirable traits
can be define and selected, bred, or genetically
engineered to produce superior growth stock.

Physiological investigations have detailed some
of the reasons for the vigor observed in new pop-
lar hybrids. Black cottonwood, with large leaf
cells, and eastern cottonwood, with many leaf
cells, combine to produce hybrids having many
large leaf cells, which result in bigger leaves and
faster tree growth (see photo below). Arrange-
ments of stomata affecting leaf gas exchange, leaf
morphology, and disease resistance may also con-
tribute to the hybrid’s vigor.

Other species are being improved in an effort to
expand their ranges to poorer quality sites and
more regions, such as the South and the Great
Plains. In addition to genetic screening and
physiological studies, efforts are being made to
develop propagation methods (including tissue
culture) for clonal research and regeneration of
a large number of plantlets. Somaclonal screening
and recombinant DNA research are already being
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applied to several tree species to improve traits
such as disease resistance or herbicide tolerance.

These techniques will also be used to develop
species with chemical qualities helpful to biofuel
conversion—which cannot be done through classi-
cal breeding approaches. Moreover, biotechnology
offers tremendous potential for advancing our
understanding of biochemical pathways in plants
that may serve many other needs.

Research on woody species indicates that maxi-
mum productivity can be increased at least another
50 to 100% over current levels through genetic
improvement. Genetic research and breeding
should reduce silvicultural costs to less than
$2/GJ (about $34/dry ton) by developing crops
that are more easily tended and have greater
potential growth. In addition, the chemical compo-
sition of trees can be manipulated to improve
biofuel conversion efficiency by at least 10%.

@ Lignocellulosic Projects
A Oilseed Projects
B Oilseed Variety Trails
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“When the
EPA needed
to apply the
concept of
risk assess-
ment to the
environ-
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Environiental

Assessmont

By Stephen G. Hildebrand

major mission of (NL’s Environ-

mental Sciences Division (ESD) is

to develop and apply methods and

analytical tools for both quantita-
tive and qualitative assessment of environmental
issues. The theme of environmental assessment
permeates most of the division’s activities. Field
and laboratory research projects are often justified
based on their ability to provide information
needed for environmental assessments. These, in
turn, often identify research needs when the conse-
quence of particular actions cann  be predicted
with a satisfactory degree of certainty. This feed-
back loop between assessments and research is
important to ESD’s vitality.

Environmental assessment in ESD takes many
forms. Our assessments in support of the National
Environmental Policy Act (NEPA) in the early
1970s gave us an entry into this field. Almost all
ESD staff members in the early 1970s participated
in some way in the NEPA process and have many
exciting stories to tell.

During the 1970s, participation in the NEPA
process for nuclear power plants often entailed
testifying at formalized hearings. The scrutiny
given to environmental analyses in these hearings
often was more extensive than that received from
peer-reviewed journals. Cross-examination by an
attorney scrutinizing our scientific work was a
new, and often traumatic, experience for all.
Through the 1970s and into the 1980s, technical
analyses in support of NEPA continued. In part-
nership with the Energy Division and the Health
and Safety Research Division, ESD ecologists
analyzed the environmental impacts of (1) con-
structing and operating nuclear power plants;

(2) constructing and operating synthetic fuels
plants; (3) developing geothermal energy; (4) min-
ing, milling, and fuel fabrication for the nuclear
industry; (5) producing alcohol fuels; and

(6) developing hydroelectric resources.

Recently, the environmental impacts of major
projects sponsored by the Department of Defense
have been addressed. The interdisciplinary teams
that ORNL can muster in support of NEPA analy-
ses are unequaled. A companion article by Bob
Reed and his colleagues (see p. 134) chronicles
our NEPA expertise in more detail. We are proud
of our accomplishments and look forward to con-
tinued involv¢  znt in this area.

In 1984, William Ruckleshaus, administrator of
the Environmental Protection Agency (EPA),

advocated the use of risk assessment in environ-
mental regulation. ORNL already had extensive
experience applying risk analysis to reactor opera-
tions, primarily from an engineering perspective,
and was involved in developing an understanding
of the human health risks associated with synthetic
fuel plants and nuclear power stations.

When the EPA needed to apply the concept of
risk assessment to the environment, they turned to
ORNL. Larry Barnthouse, Glenn Suter, Bob
O’Neill, Bob Gardner, and Steve Bartell pioneered
the development of ecological risk assessment
methods for EPA, starting with several lively
brainstorming sessions that included ESD staff
from both tradi inal research and environmental
assessment areas. What evolved was an approach
for predicting the probability of adverse environ-
mental effects based on our research in ecosystem
modeling and environmental toxicology. We have
developed and demonstrated risk protocols for the
effects of toxic chemicals and have used these for
assessments of toxic chemical effects and other
stresses at ever-larger spatial scales, up to and
including regional concerns such as acidic deposi-
tion and other air pollution effects.

Environmental assessments resulting from fed-
eral regulatory nrograms constitute the newest
challenge for ] and other divisions at the Labo-
ratory. Drawing on our NEPA experience and on
other technical expertise in the division and the
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Laboratory, we are providing guidance to the
Department of Energy to ensure compliance of
their facilities with major regulatory programs.
This is a tremendous challenge because the regula-
tory requirements are extremely complex.

By assisting DOE and the Oak Ridge facilities
in understanding and implementing compliance
with air, water, and waste regulations, the ESD
staff has become directly involved both in field
studies for collecting environmental information
and in the follow-up laboratory work and assess-
ment preparation. ESD regulatory specialists tar-
get the environmental information needed, and
research staff collect the needed data to character-
ize specific environments of the Oak Ridge Reser-
vation. These focused research and assessment
programs directed at achieving environmental
compliance are expected to be models for other
DOE facilities.

The overriding focus of our environmental
assessment activities is on providing technical
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ORNL researchers have pioneered in ecological risk assessment.

formation and insights that are useful for deci-
on makers. Although the ultimate decisions

ight not always be dominated by environmental
yncemns, our continuing challenge is to make sure
at the environmental issues are clearly articu-
ted, the technical aspects of the issues are under-
ood by the decision maker, and the environ-
ental consequences of the proposed actions are
1antified to the maximum extent possible

teve Hildebrand came to ORNL in 1973 after
rceiving his Ph.D. degree in fisheries from the
niversity of Michigan. He heads the Environ-
ental Analyses Section in the Environmental
:iences Division, teaches a course in the Uni-
'rsity of Tennessee’s Graduate Program in
cology, and works with the UNESCO Interna-
onal Hydrological Programme investigating

ie relationship between energy policies and
ater resources.
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the basin emphasized possible long-term effects,
such as loss of riparian area and changes in can-
opy structure (e.g., from tall pines to shrubby
willows).

We found that four of the seven proposed
hydropower projects had potentially serious ef-
fects on riparian plants because of partial dewater-
ing of stream channels. Such losses would, conse-
quently, affect terrestrial and aquatic biota, recrea-
tion, aesthetics, and (via these effects) the local
economy. The cumulative, potential long-term
losses were estimated to be 5% of the region’s re-
maining riparian resource, in addition to the 25%
already lost. FERC adopted the major recommen-
dations of this EIS, denying licenses to most appli-
cants and requiring extensive mitigation measures
for the other projects.

For an EIS published by FERC in September
1988, ORNL evaluated the environmental impacts
of 24 proposed hydroelectric projects at 19 exist-
ing dam sites. Hydroelectric development in the
Ohio River basin consists primarily of retrofitting
existing locks and dams with new turbines and
generators. The proposed projects would create a
new generating potential of 684 MW. Construc-
tion and operation of these facilities could have
significant cumulative environmental impacts on
dissolved oxygen, recreational fishing, and river
navigation.

Our analysis included extensive hydraulic and
water quality modeling of approximately 500
miles of river in the upper Ohio River basin. We
also used a systematic, river-basin—scale perspec-
tive to examine tradeoffs between hydropower
development and environmental quality and pro-
vide consistent information for licensing decisions
(e.g., identifying the sites that should be licensed
and the operational constraints that should be
placed on them). Our assessment recommended
that four of the sites not be developed. In addition,
we recommended minimum spillage flows and
other mitigation measures for each of the remain-
ing projects. This NEPA document is one of the
first to develop a truly quantitative approach for
evaluating cumulative impacts.

On a national scale, we have recently prepared
a study for FERC under the Electric Consumers
Protection Act (ECPA). In passing this act, the
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Ecologic: 1 Risk Analysis

By Glenn W. Suter II, Lawrence W. Barnthouse, and Carolyn T.

uring the early and mid-1970s, when

most of the existing environmental

protection laws were first enacted,

the objective of mc¢  regulatory
policy was to eliminate all environmental hazards
or at least to reduce them to the lowest levels
achievable. By the early 1980s, it became apparent
that the goal of eliminating all risks could never be
achieved. The current regulatory philosophy
stresses balancing degrees of risk against the costs
of risk reduction. Other factors, such as competing
risks and risks that are generally accepted by
society, must also be considered.

In 1981, ORNL’s Environmental Sciences Divi-
sion became involved in risk analysis We were
asked by the Environmental Protection Agency
(EPA) to develop methods for applying the

insaker

concept of risk to regulatory problems related to
the ecological effects of synthetic fuels (synfuels)
and other toxic chemicals. At that time, no such
methods existed, and many scientists were skepti-
cal that they could be developed at all. Applying
the concept of risk to the environment requires
(1) identifying the kinds of adverse effects to be
minimized, (2) estimating the magnitudes of those
effects, and (3) becoming aware of the related
uncertainties. All of these problems appeared
insuperable.

When assessing human health risks, the ultimate
effects (endpoints) are known—disease, injury, and
death. In ecological risk assessment, there are no
exact equivalents. The environment of a typical
industrial facility is likely to support hundreds or
thousands of different kinds of plants and animals,

even in a desert. Because we cannot
protect every organism from harm, we
must determine which ones have the
highest priority. Should our risk as-
sessment be based on the percentage
of all species that might be affected, or
on the potential effects on a small
number of “representative” species?
Perhaps instead of looking at species,
we should use some higher measure of
“ecosystem integrity” (a legislative
and regulatory term that has no clear
de ition and that has spawned many
environmental indices).

Even if certain endpoints can be
defined, the scientific problems that
must be addressed in ecological risk
assessment are complex and difficult.
Direct information concerning the
effects of toxic contaminants on the
en onment, comparable to human
ep miological data, is rarely avail-
able. It is inevitably necessary to ex-
trapolate risk estimates from labora-
tory toxicity data or from limited field
experiments. When we began our
wo  no research methods existed for
making these extrapolations.
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Many uncertainties are involved in the extrapo-
lation process, such as differences in the ways
organisms are exposed to toxic chemicals in labo-
ratory tests and in nature, variations in the sensi-
tivities of test organisms and the organisms of
interest in the environment, and the inherent vari-
ability of the environment itself. Although these
uncertainties are fairly easy to identify, little was
known about their magnitudes before our work,
and few attempts had been made to incorporate
them in assessments.

With our colleagues Bob O’Neill, Bob Gardner,
and Steve Bartell, we began attacking these prob-
lems in 1981. Rather than attempting to list all
possible endpoints for ecological risk assessment,
we defined some general criteria for assessing
endpoints appropriate to any given problem. A
useful endpoint should (1) have biological rele-
vance, (2) be of importance to society, (3) have an
unambiguous operational definition, and (4) be
accessible to prediction and measurement. Socie-
tal importance is a necessary factor because regu-
latory experience has shown that risks to insects,
zooplankton, or other organisms not perceived by
society as being valuable are not likely to influ-
ence decision making—unless effects on these or-
ganisms can be clearly shown to indicate risks to
the fish, wildlife, crops, or forest trees that society
does value. We initially identified five endpoints
that meet these criteria: reductions in fish popula-
tions, blooms of noxious algae, reduced agricul-
tural productivity, undesirable changes in forest
composition, and reductions in wildlife popula-
tions.

To begin developing our risk analysis for toxic
chemicals derived from synthetic fuels, we em-
phasized risks to fish populations resulting from
wastewater discharges and product spills. From
standardized data bases of several federal agen-
cies, we had considerable data on the toxicity of
synfuel-related chemicals to aquatic biota, particu-
larly the effects of acute exposures on fish. A
broad base of ecological theory was also available
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Duantifying ecological risks improves environmental decision making.

the dynamics of fish populations and the struc-

- and function of aquatic ecosystems (much of
the latter developed at ORNL).

Using these materials, we developed quantita-
uve methods for estimating the risks of toxic
chemicals to the fish populations inhabiting typi-
~l rivers and lakes in North America. Our risk

odels explicitly account for the effects of test
-onditions (e.g., extrapolation from short-term
laboratory tests to long-term exposures in the
environment) and interspecies variability in sensi-
tivity. Our methods quantify the degree to which
the predicted losses of individual fish will affect
the overall population. Through the use of ecosys-
tem simulation models, they also account for con-
taminant-induced changes in the ability of ecosys-
tems to support fish populations.

In our initial applications of these risk assess-
..1ent procedures to synfuels, we showed that the
greatest risks to nonhuman biota from synfuels
were from their associated conventional pollutants
(ammonia, phenolic compounds, and heavy met-
als), rather than the exotic polycyclic and hetero-
cyclic organic compounds that pose the greatest
human health risks. We applied these concepts to
develop a system for assigning priorities to the
monitoring activities at synfuels plants and for
ranking hazardous waste sites for study and
cleanup.

It was immediately apparent that our methods
and results were widely applicable to problems
involving toxic chemicals in the environment. Our
synfuel work had shown, much to the surprise of
many toxicologists, that the responses of various
“ish species to exposures from a particular con-

aminant are highly correlated and predictable
with varying degrees of uncertainty) using our
nodels. We derived ways of integrating toxicity
ast data with existing population and ecosystem
models, so that risk assessments can be based on
the best available data from fisheries management
ind aquatic ecology. Both the EPA and the Na-
ional Oceanic and Atmospheric Administration
1ave funded additional development of our risk
issessment methods at ORNL, and the Society for
invironmental Toxicology and Chemistry has
ssued a position paper on ecological risk assess-
nent that relies heavily on our approach.
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Most of our methods are directed toward prob-
lems in which the contaminant(s) of interest have
not yet been released, and for which the impacts
can be addressed on a local scale. We are now
expanding our approach to include risk assess-
ments based on the observed bui  ns of pollutants
or markers of pollutant exposure in nature. To do
s0, we must project forward in time to estimate
implications of the exposure for the future of the
ecosystem and its component populations. We
must also project backward in time to determine
the pollution sources and pinpoint the necessary
reduction in pollutant releases.

Other problems we are now addressing involve
estimations of regional-scale risks from local-scale
data. Broader-ranging issues such as acid rain, the
ecological decline of the Chesapeake Bay, and
regional runoff of pesticides are examples of such
regional-scale environmental problems. They are
especially interesting, because any extension of
scale requires a redefinition of er Hoints, the
introduction of new uncertainties, and integration
of the assessment with different societal concerns
and management objectives.

We believe the development o: sk analysis
concepts and tools will lead to better and more
defensible future decisions concerning environ-
mental protection. Use of clearly defined end-
points will lead to more consistent results and will

help the regulatory decision makers, the public,
and the regulated industries to understand the
implications of the assessment results. A better
basis for understanding and consensus will be
possible if uncertainties are acknowledged and
results are expressed as effect probabilities or
distributions, rather than as absolutes. At present,
the advocates of risk assessment are still a minor-
ity within the environmental regulatory commu-
nity. We have shown the skeptics that ecological
risk assessme: [s possible; we mnst now convince
them that it is also necessary.

Glenn W. Suter II joined ORNL’s Environ-
mental Sciences Division in 1975, after complet-
ingaPh.D.d -eein ecology at the University
of California at Davis. He received ESD’s Sci-
entific Achievement Award in 1987.

Lawrence W. Barnthouse came to ORNL in
1976, with a Ph.D. in biology from the Univer-
sity of Chicago. He is leader of ESD’s Environ-
mental Risk Group.

Carolyn Hunsaker is a research scientist in
ESD’s Regional Resources Group. She received
a doctorate in environmental science and engi-
neering from e University of California at
Los Angeles. e is leader of the Regional Eco-
logical Risk Assessment Project funded by the
Environmental Protection Agency. She is secre-
tary of the national board of the Association for
W  nin Science.
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Regulatory Analysis

By Frances E. Sharples

rotection of the environment became

a focus of intense public and Con-

gressional interest during the 1970s.

Public awareness of both the hazards
of pollutants and toxic substances and the damage
caused by their releases to air, w :r, and soil
increased rapidly. The U.S. Congress created
programs designed to correct existing damage and
prevent further environmental degradation in a
series of major environmental protection statutes:
the Clean Air Act (CAA) of 1970; the Federal
Water Pollution Control Act of 1972, later
amended to become the Clean Water Act (CWA);
the Safe Drinking Water Act (SDWA) of 1974;
the Toxic Substances Control Act (TSCA) of
1976; the Resource Conservation and Recovery
Act (RCRA) of 1976; and the Comprehensive
Environmental Response, Compensation, and
Liability Act (CERCLA) of 1980, better known as
Superfund. Each piece of legislation authorized
major new federal regulatory programs to be ad-
ministered and enforced by the Environmental
Protection Agency (EPA), which was itself cre-
ated by legislation signed in December 1970.

On the whole, the results of this decade of envi-
ronmental legislation have been positive, and
environmental quality is improving across the
nation. The regulatory programs designed to im-
plement these laws are, however, often complex
mazes of rules, regulations, procedures, and re-
quirements that change frequently as EPA imple-
ments statutory schedules and responds to periodic
legislative amendments. The complexity and fre-
guent change make compliance with environ-

m “ureg 7 ns acontinuing challenge for
those who are regulated.

Agencies of the federal government, such as the
Department of Energy, are subject to most of the
same environmental compliance requirements as
the private sector. Understanding and meeting
regulatory requirements, therefore, has become a
major interest to DOE. The Environmental Com-
pliance Group in the Environmental Analyses
Section of the Environmental Sciences Division
(ESD) at ORNL provides technical support and

assistance for any of DOE’s environmental
compliance activities. Our major sponsor is the
Office of Environmental Guidance (OEG) in the
Office of the Assistant Secretary for Environment,
Safety, and Health. Other DOE-funded programs
and offices that currently sponsor our activities
include the Hazardous Waste Remedial Actions
Program, the ORNL Remedial Action Program,
the Office of Civilian Radioactive Waste Manage-
ment (OCRWM), and the Diffusion Process Per-
manent Shutdown Engineering Feasibility Study
Group at the Oak Ridge Gaseous Diffusion Plant
(ORGDP). We also perform tasks related to envi-
ronmental regulations at the request of other fed-
eral agencies, such as the Navy and the Air Force.

Our group provides a variety of services related
to regulatory  mpliance. With funding from
OEG, we maintain and continually refine a system
to track and analyze regulatory initiatives. We
generate a weekly electronic report identifying
items in the Federal Register that are of particular
importance tc  OE and our other federal spon-
sors. A monthly update document series that we
produce tracks important new regulations through
all the phases of rule promulgation. We also pro-
duce a series  :nvironmental guidance program
reference books, which contain the texts of envi-
ronmental statutes and their implementing regula-
tions. These books are revised regularly to incor-
porate final regulation changes, so that users have
the most complete and up-to-date versions.

We analyze in depth new rules that will have
particularly important or widespread impacts on
our sponsors. Because environmental regulations
often encompass technical information from many
different fields (e.g., hydrogeology, environmental
engineering, and health and environmental risk
assessment), ¢ regulatory analysis team includes
members of several other divisions having exper-
tise complementing that of our own environmental
scientists. Mer ers of the Health and Safety Re-
search Division and the Chemical Technology
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Division work closely with us in detailed analyses
of the technical aspects of regulations and in de-
fining their potential impacts on DOE’s diverse
facilities and programs. The contributions of this
team are particularly important at the “proposed
rule” stage in the regulatory process, when the
regulated community (including DOE)}) is to com-
ment on the regulatory agency’s proposals. Our
technical analyses often provide DOE with the
background information needed to formulate its
responses to EPA initiatives.

Broader regulatory compliance tasks that are
focused on specific facilities and programs com-
prise another category of group activities. In
FY 1988, for example, we analyzed the applica-
bility of hazardous waste regulations to high-level
waste and evaluated strategies that the OCRWM
might consider in developing policy for a geologic
repository. We also analyzed the applicability of
federal environmental regulatory requirements
to the permanent shutdown of the ORGDP
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This ESD group aids ORNL and DOE environmental compliance efforts.

enrichment facilities in association with the Engi-
neering Feasibility Study Group. We recom-
mended ways to achieve regulatory compliance to
assist ORGDP in determining costs and schedules
for placing the plant in the “‘safe storage” phase. In
addition, we performed environmental audits of
Air Force bases. again including team members
from a number of other ORNL divisions under
ESD leadership. A final, very important aspect of
our work is providing assistance in training DOE
field office and contractor staff in both the basics
and the details of environmental compliance, par-
ticularly focusing on the highly complex issue of
hazardous waste.

Fran Sharples, who has been an ORNL staff
member since 1978, is leader of the Environ-
mental Compliance Group in the Environ-
mental Analyses Section of ORNL’s Environ-
mental Sciences Division. She has a Ph.D. de-
gree from the University of California at Davis
and has been an EPA Environmental Science
and Engineering Fellow and a Congressional
Science and Engineering Fellow.

Fran Sharples
(left), Fred Baes,
and Kathy

Brown discuss
documents
recently produced
by ESD’s
Environmental
Compliance
Group.
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subsurface 5 km from the edge of the repository);
and (4) the total release of radioactive material
from the repository to the environment must re-
main below specified levels for 10,000 years.

In the most likely scenario for the release of
contaminants, water flows into the repository,
corroding the canisters, dissolving the waste form
(spent fuel rods or glass cylinders), and transport-
ing the contaminants in groundwater. Thus, the
best sites for a repository have only a little
groundwater, which moves slowly through long
flow paths to the accessible environment. These
flow paths should contain highly sorbent minerals
that act as scavengers for radionuclides. In addi-
tion, the groundwater should have geochemical
properties that inhibit corrosion, waste form
dissolution, and radionuclide mobility.
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Geoscience technology studies at ORNL support waste
repository development in Nevada.

Over the years, DOE has considered
several rock types (e.g., basalt, salt,
tuff, granite) as repository candidates.
However, in December of 1987, the
U. S. Congress directed DOE to
concentrate on only one site, Yucca
Mountain, which is located on the
Nevada Test Site. The repository
would be located several hundred me-
ters below the surface yet well above
the groundwater table in tuffaceous
deposits (silica-rich volcanic rocks)
that are generally highly sorbent for
radionuclides.

During the past five years, research-
ers at ORNL have studied sedimentary
rocks to evaluate their potential as
repository hosts. Because of the 1987
directive, the program at ORNL has
shifted its emphasis to provide scien-
tific support for the Yucca Mountain
site. Fortunately, many of the tech-
niques and analytical tools developed
during this time are transferable to
programs at Yucca Mountain; should
there be a need to consider sedimen-

tary rocks for waste disposal sites in the future, the
data generated by ORNL researchers would be
directly applicable.

The original objective of the Sedimentary Rock
Program (SERP) was to investigate sedimentary
rocks (shale, sandstone, chalk, carbonate, anhy-
drite) for their potential as repository hosts; this
work was done by staff members from the Chemi-
cal Technology and Environmental Sciences divi-
sions. Ranking the types of sedimentary rock with
respect to geology, geochemistry, hydrology,
thermal performance, rock mechanics, natural
resources, and waste package degradation
suggested that, of the sedimentary rock types,
shale offers the greatest potential for the safe
isolation of radioactive wastes. Shales are com-
posed primarily of clay minerals (smectite, illite,

Examining ine
microstructure,
mineralogy, and
chemistry of
shales allows an
evaluation of their
ability to slow the
migration of radi-
onuclides.

(A) Backscattered
electron micro-
graph of a
Chattanooga
Shale shows the
phases illite (i),
organic matter
(o), quartz (q),
feldspar (f), pyrite
(p), calcite (c),
and a titanium-
bearing phase (1).
(B) Computer
map of the same
area shows the
distribution of
elements:
potassium (k) in
feldspar and illite,
silicon (s) in
quartz, iron (f) in
pyrite, calcium (c)
in calcite, and
titanium (1) in the
unidentified
titanium phase.
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Gary Jacobs (left)
and Steve Stow
examine various
rock types that
could be useful
for the disposal of
high-level
radioactive
wastes.
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kaolinite), having lesser quantities of phases such
as quartz, calcite, pyrite, feldspar, and organic
matter. Because the characteristics of shales span a
rather broad range, more detailed studies of their
hydrologic, geochemical, and thermomechanical
properties were undertaken to identify possible re-
lationships between the geologic attributes of
shales and the safety aspects of a repository.

The major emphasis of our shale studies has
been in geochemistry, because of the expertise of
the researchers in this field. The geochemical
factors investigated at ORNL include groundwater
chemistry, mineralogy, sorption, ar  >ontaminant

transport. These four aspects
are important in evaluating
canister corrosion, the disso-
lution and release of radionu-
clides from waste forms, and
the subsequent migration of
contaminants away from the
repository in this medium.

Information on the chem-
istry of groundwaters typi-
cally associated with shales
has been obtained from lit-
erature sources, U.S. Geo-
logical Survey data bases,
experimental studies, and
computer modeling. Karen
Von Damm, a geochemist in
ESD, found that shale
groundwaters range from
dilute, potable waters to con-
centrated brines. The ground-
waters are generally mildly
basic, a characteristic desir-
| able for emplacing metal

sters. F . _ltsfi = com-
puter modeling of chemical
interactions between the
groundwaters and the shales
suggest that dissolution of
halite (common salt) from
the shales may have been important in the past
development of their groundwater chemistry. In
addition, it is pr  able that the groundwaters have
low concentrations of oxygen, also favorable for
inhibiting corrosion as well as for minimizing the
mobility of some radioelements (e.g., uranium).

The mineralogy and microstructure of the shales
have been investigated by Suk Young Lee and
Kirk Hyder of ESD. They used optical micros-
copy, X-ray diffraction, scanning electron micros-
copy, and high-resolution transmission electron
microscopy to identify and characterize the indi-
vidual phases in shales. Studies of the organic
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matter in shale were done by Patience Ho of the
Chemistry Division and Necip Giiven and Charles
Landis at Texas Tech University. The information
obtained on the mineralogy, organic chemistry,
and microstructure helps us evaluate (1) potential
changes in the shales as a result of decay heat
from the waste packages (temperatures up to
250°C); (2) the ability of various minerals to sorb
radionuclides and slow their migration; (3) poten-
tial changes in groundwater chemistry via reac-
tions with shale minerals; and (4) the effects of
microfractures and micropores on the flow of
groundwater through shale.

One of the most desirable characteristics of
shale as a candidate host rock is its ability to sorb
radionuclides. Sorption refers to the process by
which some dissolved radionuclides become
“stuck™ to solid phases as the groundwater moves
through the rock, thus retarding the movement of
the radionuclides. By migrating more slowly than
groundwater, the radionuclides have an opportu-
nity to decay to lower concentration levels before
reaching the surrounding environment.

Bob Meyer, Bill Amold, Dave O’Kelley, and
Faith Case of the Chemistry Division have studied
the sorption of various radionuclides onto shales.
Samples of shale are contacted with solutions
containing small amounts of the radionuclide of
interest, and the amount of radionuclide sorbed is
measured. Factors found to influence the degree of
sorption onto shales include the (1) salinity of the
groundwater, (2) contact time between the shale
and the radionuclide-bearing solution, (3) ratio of
water to rock, (4) temperature, and (5) amount of
organic matter in the rock. Although each radionu-
clide behaves somewhat differently, we have
found that, in general, shale is highly sorbent and
should act as a good scavenger for radionuclides.

The time scale that must be considered in evalu-
ating the performance of a repository is thousands
of years. Therefore, we must use reltable computer
models to predict groundwater flow and radionu-
clide migration through the rocks. Models for
this purpose combine data from hydrology,
geochemistry, geology. and engineering studies:
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the predictions are only as reliable as the models
and data used. Vijay Tripathi and George Yeh of
ESD have been working to improve an existing
model (HY DROGEOCHEM) by incorporating
important hydrologic and geochemical processes
into the model as realistically as possible. As more
of the actual hydrologic and geochemical proc-
esses involved in the migration of contaminants
are included in the model, more reliable predic-
tions will be possible.

Of course, as models are made more complex,
the time and expense of running them on existing
computers increases. Therefore, our scientists
have worked both to enhance the model and to
improve its computational efficiency. Much of the
shale-related geochemical information will be in-
tegrated in a model that can evaluate the migration
of radionuclides through various shales.

As our emphasis shifts from performing de-
tailed investigations of shales to providing scien-
tific support for the Yucca Mountain site, the
experience and knowledge gained from our activi-
ties in the past several years will be invaluable.
Our program, now referred to as the Geoscience
Technology Support (GETS) Program, is now
seeking solutions to fundamental hydrogeochemi-
cal problems that will help resolve site-specific
issues being addressed at Yucca Mountain and
will add to our basic knowledge of groundwater
geochemistry, mineralogy, sorption, and contami-
nant transport. It will also help ensure that radio-
active wastes existing today and those nroduced in
the future will be safely isolated

Gary Jacobs is leader of the Geochemistry
Group in the Geosciences Section of the Envi-
ronmental Sciences Division. He received his
Ph.D. degree in geochemistry from Pennsyl-
vania State University in 1981 and joined the
ORNL staff in 1983.

Stephen Stow is head of the Geosciences
Section. Before joining ORNL in 1980, he was
professor of geology for 11 years at the Univer-
sity of Alabama. He received his Ph.D. degree
in geochemistry from Rice University.




Laura Toran
models ground-
water flow.
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Groundwater
Modeling

By Laura Toran and D.K. Solomon

oncern about whe 1 our water is

safe to drink has increased since the

recent discovery that improper waste

disposal practices and other anthro-
pogenic and natural hazards threaten to contami-
nate groundwater and surface water. In response to
this concern, researchers at ORNL are developing
and using computer models to improve our under-
standing of natural and contaminated groundwater
systems.

Models describing groundwater flow and con-
taminant transport enable scientists to learn more
about problems of groundwater supply and con-
taminant travel times. Using a computer, a mod-
eler can explore various environments, stresses,
complex systems, and long-terr  rocesses that
would otherwise be impossible to siudy within
a human life span. Model analysis helps hydroge-
ologists plan field studies and interpret field data,
as well as to make predictions and study hypo-
thetical problems. Thus far, our models have
proven to be more successful in studying ground-
water flow problems than in the more complex
interrelationships of groundwater flow and con-
taminant transport.

Computer dels remain one of the most mis-
understood tools in hydrogeology, mainly because
of unreasonably high expectations about the abil-
ity of model:  make predictions, coupled with
the urgent need for accurate predictions. When re-
searchers use models to solve groundwater con-
tamination problems, caution is needed in inter-
preting model results. Computer models in which
we have vary g degrees of confidence touch all
of our lives. For example, meteorologists use
models to predict the weather—with somewhat
limited success, as many a soggy picnicker knows.
Engineers use models (sometimes using equations
similar to those describing groundwater flow) to
test new designs; they can validate the models by
building and testing the equipment.

Groundwater models are not as amenable as
these examples to testing or validation. Ground-
water moves slowly, and predictions may be made
for many years in the future—as opposed to the
weatherman’s weekend forecast, which provides
more immediate feedback on reliability. The geol-
ogy of a groundwater system cannot be as easily
reconstructed as, for example, an airplane wing,

making it difficult to model
the basic components. Fur-
thermore, groundwater mod-
els that include contaminant
transport are currently lim-
ited by the lack of knowledge
about the physical and
chemical processes that con-
trol transport. How to simu-
late numerically the apparent
dispersion of contaminants in
a porous medium is debat-
able, and researchers are just
beginning to understand the
complex chemical and bio-
logical reactions occurring in
groundwater.

As aresult, groundwater
models are shaped to a great
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womputer
simulation
showing pressure
drop in the
two-well venting
scheme used at
Hill Air Force
Base in Utah.
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venting scheme, which reduces the
atmospheric pressure at the field
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site (as shown in the computer

simulation on this page), is cur-
rently in operation at the Hill Air
Force Base in Utah (see article on
“Hazardous Waste Technology Pro-
grams” in the Review, No. 4, 1988).
The system is monitored, and any
discrepancies between model
predictions and field results will

be used to refine the preliminary
model.

This example illustrates two of
the scientific challenges facing
groundwater modelers. First, we
need physical data to describe con-
taminant transport. Controversies
surrounding contaminant dispersion
and groundwater chemical reactions
must be resolved. Second, we need
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The next step was to find a way to measure the
conductivity of vapors through the soil at the field
site. The use of parameter values obtained from
the specific site is critical to a model’s usefulness.
Techniques for measuring the conductivity of
water were adapted for measuring the conductivity
of air. A section of a well at the site was isolated
using inflatable packers, air was injected under
pressure into the packed-off interval, and the rate
of pressure dissipation was measured to calculate
air conductivity of organic vapors (see photo on
previous page).

Using field parameters and other site data de-
scribing the physical geometry, we constructed a
model to simulate removal of the vapor phase con-
taminants for different well confiy ations and air
pumping rates. The recommended scheme that re-
sulted from our modeling studies was to put barri-
ers at the surface and to space the injection and
vent wells about 6 m to 12 m apart to maximize
air flow through the contaminated region. The

14.00

¢ means to validate models with
field data. In general, the sophisti-
cation of the models has increased
faster than our ability to make appropriate validat-
ing field measurements.

The ultimate goal in modeling is, after all, to
learn more abc  the system, not to have a com-
puter tell us what to do about our groundwater
problems. Scientists will continue to have the re-
sponsibility of questioning model results and
developing new techniques for hetter understand-
ing our groundwater systems

16.00 18.00

Laura Toran is a research associate in the
Environmental Sciences Division. She joined
ORNL as a Wigner Fellow in 1986 after obtain-
ing a Ph.D. degree from the University of
Wisconsin.

D. K. Solomon has been a research associate in
the Environmental Sciences Division since
1985. He holds an M.S. degree in geology from
the University of Utah and is working on a
Ph.D. degree at the University of Waterloo,
Canada.
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Water, Rocks, and
Waste Disposal

By Dale D. Huff and Stephen H. Stow

valuating disposal practices for

hazardous chemical and radio-

active waste is a major part of the

geosciences at ORNL today. Geo-
scientists are characterizing past disposal sites and
devising ways to clean them up and ensure that
present and future disposal operations are properly
undertaken. To carry out this work, the relation-
ships among buried waste materials, the rock
substrate in which disposal has occurred, and the
water in contact with the substrate must be under-
stood (see figure on next page).

Because water is present in most waste disposal
sites, complicated problems can arise. Water can
dissolve or suspend many different materials,
including wastes from a disposal site, and move
these materials through the soil and rocks, making
them available to tree roots, surface streams, or, in
the worst case, aquifers from which well water is
drawn for drinking. Thus, our investigation of the
ways in which water reacts with waste products
and the mechanisms by which it transports con-
taminants through rocks forms an important and
highly technical aspect of earth science studies at
ORNL.

In the Environmental Sciences Division (ESD),
we have several research projects that involve
water, rocks, and waste disposal. The research
embraces field work (e.g., basic mapping and
hydrologic studies), supplementary laboratory
investigations, and computer modeling to assess
and simulate conditions observed in our field and
laboratory studies. ESD staff members are also
involved in basic research on the geologic, hydro-
logic, and geochemical issues linked to disposal of
high-level radioactive wastes and other disposal
operations at Department of Energy sites through-
out the country.

Water is important in many waste disposal con-
siderations. First, water can leach out and trans-
port contaminants. Second, water is an
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Hydrogeologic research and
computer modeling lead to

improvements in waste disposal.

important medium in the pathway between dis-
posal sites and the surrounding plant and animal
life. In parts of the United States (such as the
Southeast), where rainfall greatly exceeds evapo-
ration losses, there is a greater likelihood that
waste constituents will be leached and transported.
Because of our heavy rainfall in this area, ORNL
is an excellent site for studying these water-waste
relationships. There are two basic approaches to
controlling water contamination from waste
disposal operations: (1) create a waste form that
does not react with water and (2) use engineered
barriers to prevent water-waste contact. At ORNL,
both options are being studied, sometimes in
combination.

A component of ORNL’s Low-Level Waste
Disposal Development and Demonstration Pro-
gram (see article in the Review, No. 4, 1988)
includes the design of disposal technologies that
exclude or minimize intrusion of water into the
waste. The tumulus concept being demonstrated in
ORNL’s Solid Waste Storage Area 6 is an ex-
ample. Wastes are stored in a solidified form
within concrete casks on a reinforced concrete pad
(tumulus). When the pad is fully loaded, the mass
of wastes is covered with fill material and a multi-
layered cap of very low water permeability. The
pad has a liquid-collection system that is part of a
comprehensive performance evaluation network
that includes groundwater monitoring wells. Long-
term investigations of hydrologic conditions at and
around the site will enable us to evaluate the effec-
tiveness of the technique and to identify any de-
sign modifications needed.

At older, shallow-land disposal sites, we are
studying the hydrologic processes that mediate
migration, with the goal of designing effective
measures to stabilize these processes. Tracers are
used to explore the dominant flow pathways and
the temporal variations in releases. For example, a
new technique is being developed to determine
how long a water sample has been isolated from
atmospheric exchanges. This tracing method com-
pares the ratio of helium isotopes in groundwater
with the known ratio of helium isotopes in

151




Water interacts
with low-level
waste materials
as it flows from
the surface into
shallow land
burial trenches
and along
fractures in
deformed
bedrock.
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atmospheric water vapor. The decay of tritium in
groundwater during subsurface water movement
distorts the helium ratio when tritium decays to the
lighter helium isotope (*He). Our measurements
have identified groundwater that has been sepa-
rated from the atmosphere for as little as six
months. Young groundwater like this is sometimes
associated with preferred flow pathways.

Waste-derived tritium is another tracer in
streams. Variations in tritium concentration and
mass flow in first-order (i.e., the smallest) streams
in one of our newer disposal areas have shown that
nearly two-thirds of the annual contaminant flux
comes from shallow subsurface flow pathways,
mainly during storms. This runoff moves rapidly
through the region above the water table, rather
than recharging the groundwater. Existence of this
lateral-flow pathway in the unsaturated zone has
significant implications for developing monitoring
strategies and for planning corrective actions.

We are also applying water-flow simulation
models to the study and analysis of contaminant
transport. A three-dimensional, finite-element,
groundwater flow model is being used to study the
influence of human excavations on pathways and
rates of natural groundwater flow. Studies using

dye tracers show that groundwater movement can
be accelerated as water moves through the perme-
able backfill surrounding buried utility lines.
Where such backfill intersects the saturated zone, it
acts as a drain and distorts natural flow patterns
and rates. Simulations are being used to examine
ways to control this flow.

Once groundwater contaminants emerge in
streams, estimates of their movement and changes
in concentrations during downstream tr; |t are
needed. The Streamflow Synthesis and Reservoir
Regulation Model, developed by the U.S. Army
Corps of Engineers, has been adapted here to simu-
late contaminant insport in surface-water systems
from area or point-source inputs, including acci-
dental spills. Dye studies and comparisons with
measured flows have been used for model calibra-
tion, and the model now serves as a tool both for
managing contaminant releases and for defining
the data collection needs for basin-wide evaluation
of contaminant transport.

Groundwater is responsible for most contaminant
migration away from a disposal site. Pore spaces in

Oak Ridge National Laboratory REVIEW




the rock surrounding a disposal site allow
the groundwater to flow through, and
water-rock reactions affect the mobility
of dissolved contaminants. The physical
characteristics of the rocks that surround
the waste disposal area control the move-
ment of the groundwater: for instance,
the fractures, faults, and folds in the
strata create preferred pathways for
groundwater flow. To predict contami-
nant mobility—and the possible inter-
action of contaminants with the sur-
rounding environment—an understand-
ing of the physical and chemical nature
of the rocks is essential. Without this
knowledge. a full interpretation of results
from hydrologic studies is impossible,
and geochemical reactions cannot be
anticipated.

At ORNL, we conduct field studies to
reveal details of the rock fracture sys-
tems—chiefly in shale and sandstone—
through which groundwater moves. Fractures, the
result of mountain-building stresses imposed hun-
dreds of millions of years ago, largely control the
movement of contaminated groundwater. Multiple
sets of fractures exist, many of which are intercon-
nected, making their detailed structural analysis
very difficult.

Groundwater also moves through solution cavi-
ties in carbonate-rich strata. These cavities are
formed when groundwater chemically dissolves
the s, creating relatively large pathways
through which groundwater can flow rapidly.
Learning about the distribution of rock types, as
well as their tendencies to fracture or form
cavities, is an essential part of the on-site work.
Methods for filling voids and fractures with
impermeable grouts are being investigated as a
means of controlling groundwater movement
and reducing migration of contaminants from
waste-disposal sites.

Although some rocks are soluble in water,
others have the ability to chemically retard con-
taminants and effectively remove some of them
from the groundwater. In addition, the rocks them-
selves may alter the chemical composition of the
groundwater, thereby influencing its ability to
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ESD geologists
Steve Haase (left)
and John Switek
prepare to sample
a well for studies
of radionuclide
migration in
groundwater

near ORNL
disposal sites.

transport contaminants. Techniques that alter the
physical and chemical properties of rocks—for
example, in situ vitrification (immobilizing radio-
active waste by electrically melting it with soil to
form a massive glass block)—are being studied as
methods of controlling contaminant migration.

Our research at ORNL has shown that all of the
inseparable hydrological, geological, and geo-
chemical relationships of disposal sites must be
considered in evaluating and improving waste
disposal practices. We are making oroeress in
understanding these relationships

Dale D. Huff, head of the Environmental Engi-
neering and Hydrology Section of the Environ-
mental Sciences Division, came to ORNL in
1974. He holds a Ph.D. degree in hydrology
from Stanford University and received an
ORNL Environmental Protection Award.

Steven H. Stow is head of ESD’s Geosciences
Section. He joined ORNL in 1980 after an 11-
year tenure as a professor of geology at the
University of Alabama. He holds a Ph.D. degree
in geochemistry from Rice University and
serves on numerous national committees deal-
ing with waste disposal and the geosciences.

153










156

From Atcms to Humans

By Stephen V. Kaye

he Health and Safety Research Divi-
sion (HASRD) was organized in April
1977 to investigate the impacts of
energy technologies on human health.
Until then, no single ORNL research division or
program focused on human health as an endpoint.
The Biology Division had conducted basic bio-
logical research, primarily on the mechanisms
behind changes induced in experimental organ-
isms by radiation and chemicals, and the Environ-
mental Sciences Division (ESD) had concentrated
on the effects of nuclear power and other energy
technologies on the environment and ecological
processes. HASRD was created to focus on re-
search that complements these basic biological
and environmental studies and to assess the im-
pacts of environmental hazards on human health.

This type of research was being done in three
different divisions: the research ¢ iponents of
ORNL’s former Health Physics Division, the
Analysis and Assessments Section of ESD, and
the Medical Radioisotopes Group of the Opera-
tions Division. When these were combined to
form HASRD. we had an initial 110 regular staff
and 65 guests to begin our exciting mission.

The reorganization brought together strong
research programs in atomic, molecular, and radia-
tion physic  at received their funding from
the same DOE Office of Health and Environ-
mental Research that supported many related
applied programs in biomedical instrumentation,
dosimetry, and nuclear medicine. Thus, the new
division’s research ranged from atoms to humans,
and it was well-equipped to target health and
safety issues (e.g., indoor air pollution) in a rap-
idly changing technological environment.

Experimental and theoretical studies by
HASRD'’s physicists have provided a strong core
of basic research and brought honor to the divi-
sion. Since 1977 five of our physicists have been
named Corporate Research Fellows. Sam Hurst,
who retired three years ago, was one of the first to
be so honored. The remaining four—Loucas
Christophorou, Bob Compton, Rufus Ritchie, and

Jim Turner—continue very active HASRD
research programs.

Our history of producing world-class experi-
mental and theoretical research results in ionizing
radiation physics and dosimetry has been a spring-
board to research in other areas. For instance, our
years of studying electron mobilities in irradiated
gases caused DOE to select ORNL as the lead
laboratory for basic research on gaseous dielec-
trics. To date, we have organized a series of five
international symposia on the topic, and our work
has vastly improved scientific understanding of
the physical properties determining the perform-
ance of gaseous dielectrics (e.g., in transformers
and underground transmission lines).

Our work on fundamental processes in gases
has resulted in an outstanding program in nega-
tive-ion physics and pioneering studies involving
laser-initiated multiphoton ionization. This laser-
based work, in turn, led to the development of
resonance ionization spectroscopy (RIS), a tech-
nique for detecting a single atom of an element in
a mixture of ati s of other elements—something
like finding the -overbial needle in a haystack.
Using RIS, we have detected a single stable
cesium atom among 10" atoms of dll types in a
gaseous sample, making our RIS device the
world’s most sensitive detector. This major
achievement led to two patents, two IsR 100
awards, and the founding in 1981 of a spin-off
company, Atom Sciences, Inc., in Oak Ridge.
Numerous laboratories specializing in RIS have
been established around the world, and HASRD
has become recognized as a major center of laser
expertise.

The division is also an international leader in
internal radiation dosimetry. For over three de-
cades, members of the Laboratory’s original
Health Physics Division and HASRD have served
on key committees of the International Commis-
sion on Radiological Protection. Models and do-
simetry methodologies developed at ORNL have
been incorporated into the official radiological
standards of countries around the world, and our
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methods for calculating radiological doses have
been officially adopted and recommended by the
Environmental Protection Agency (EPA), the
Nuclear Regulatory Commission (NRC), and the
Department of Energy (DOE )—a recognition of
our contributions to the health protection area of
the U.S. nuclear program.

A strong program in environmental radiation
measurements complements the long-running
internal radiation dosimetry and transport model-
ing work. In 1982, HASRD was designated the
lead laboratory for DOE’s Uranium Mill Tailings
Remedial Action Program (UMTRAP), which
identified properties contaminated with radioac-
tive materials that require cleanup. This responsi-
bility led to the 1983 establishment of office and
laboratory facilities in Grand Junction, Colorado.
Staffed by 60 full-time ORNL and subcontractor
personnel, “ORNL West” has distinguished itself
in environmental measurements and assessments.
Although our UMTRAP responsibilities continue,
the scope of the work has been expanded to
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HASRD?’s basic research in atomic, molecular, and radiation physics
leads to better instruments for measuring the impacts
of energy technologies on human health.

include federal sites contaminated by toxic chemi-
cal wastes.

One of the predecessor divisions of HASRD,
the Health Physics Division, established the
Health Physics Research Reactor in 1963 as part
of the Dosimetry Applications Research Center.
Successful operation over the past 25 years has led
to many achievements; as a result, HASRD reigns
as the premier organization in personnel neutron
dosimetry research. A new addition to the center
has been the Radiation Calibration Laboratory
(RADCAL), which is equipped with state-of-
the-art radiation sources and instrumentation.
RADCAL will extend our research capabilities in
personnel dosimetry and complement the program
at the Health Physics Research Reactor.

We have a well-recognized nuclear medicine
group that specializes in the development of new
tissue-specific radiopharmaceuticals for medical
diagnosis and therapy. Our work in this area ex-
tends to preclinical testing of new radiolabeled
agents in laboratory animals and in vitro systems.

“URNL vvesl In
Grand Junction,
Colorado, is
staffed by 60
ORNL and
subcontractor
personnel

who perform
environmental
measurements
and assessments.
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operates a laser
to count krypton-
81 atoms in

a groundwater
sample to
determine
whether the
groundwater has
been isolated or
circulating.
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Clinical evaluations of our products are
carried out by a network of medical
collaborators at clinics and medical
centers in the United States and Europe.
The licensing of our advanced products
for nuclear medicine applications is a
goal of HASRD’s technology transfer
activities.

Our work in epidemiology and risk
analysis is an important element in our
focus on human health. For example, our
finding that hardness of drinking water
(high levels of calcium and magnesium)
seems to be linked to increased cardio- .
vascular fitness in certain populations
has attracted national attention. Our
estimation and evaluation of health risks
from radiation and chemicals have been
continuing major efforts in HASRD.

Some of this work has been done by the
division’s Office of Risk Analysis,

whose coordinator is editor-in-chief of

Risk Analysis: An International Journal.
Quantification of chemical risks is espe-

cially challenging because of the diversity of toxic
chemical agents and the complexity of exposure
situations. We have made several contributions to
improving methodologies for estimating chemical
risks to human health.

In October 1987, the Information Research and
Analysis (IR&A) Section was transferred to
HASRD, broadening our capabilities and giving
us responsibility for its large computerized data
bases of health- and energy-related information.
These resources, which are shared with users
nationwide, are used by the IR&A staff to evaluate
and analyze data in special reports for the National
Library of Medicine, the Department of Defense,
EPA, and DOE.

HASRD’s strong ties to educational institutions
include part-time university faculty appointments
of staf mbers, part-time and sabbatical re-
search appointments in HASRD for university
faculty, and research opportunities for graduate
students. More than 200 Ph.D. and M.S. theses

have been based on research in our division. The
academic ties with students, faculty, and other
guests have given us fresh ideas and sharpened the
skills of our research staff. In turn, we have contrib-
uted substantially to training and educating new
scientists.

In reviewing HASRD’s accomplishments for the
past 12 years, we see a long list of journal and book
publications, IsR 100 awards (eight received since
1980), patents, product licensing agreements for
technology transfer, and spin-off companies. We
expect this level of achievement to continue

Stephen V. Kave. who joined ORNL’s staff in
1960, has been rector of the Health and Safety
Research Division since 1977. He received his
Ph.D. degree from the University of Rochester
Medical School. He is a fellow of the American
Association for the Advancement of Sci-
ence and coe: or of the book Indoor Air
and Human Health.
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40 Years of Radiological
Physics Research

By G. Samuel Hurst

have long thought that the appropriate

physics perspective for understanding bio-

logical phenomena is at the atomic or mo-

lecular level. Of course, a more fundamen-
tal level exists. The atom is made up of particles
(protons, neutrons, and electrons) and, according
to particle physicists, the nucleons (protons and
neutrons) are made up of quarks, which, presuma-
bly, along with other entities called leptons, are
the fundamental particles. However, in consider-
ing the study of life (biology). I think the ancient
Greeks had the right idea. They held that the *“‘ato-
mos” is the indivisible particle that is conserved
when a plant or an animal progresses through its
life cycle, finally returning atoms to the eternal
“atom stream.”

For many years, the interaction of radiation
(e.g., gamma rays, sunlight) with matter (e.g.,
water, living cells) has been an important focus of
the physics programs in the Health Physics Divi-
sion and, later, the Health and Safety Research
Division at ORNL. One of the purposes of this
radiation physics research was to understand the
interactions of radiation with atomic and molecu-
lar systems (including gas, liquid, and solid-state
systems) to obtain meaningful information for
radiation chemistry and radiation
biology. On the practical side, the
physicists were responsible for
applying essential physics infor-
mation to the development of
new instruments for radiation
protection in the workplace.

Because of this duality of pur-
pose, physics research occupied a
prominent place in ORNL's
health physics programs.

With these two closely related
objectives in mind, Karl Z. Mor-
gan, then director of the Health
Physics Division, initiated a basic
program in radiation physics in
the early 1950s. Our studies of
radiation interactions with solids
have led to fundamentally new
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Research on the interactions

of radiation with matter provides
the basis for sensitive detectors
and better health protection.

concepts in physics, recognized worldwide for
their beauty as well as relevance (see Ritchie’s
article on p. 162).

My interest in radiation physics started in the
company of theoreticians Rufus Ritchie, Jake
Neufeld, and Walter Snyder. In a meeting with
Morgan and these theoreticians, it was suggested
that T. E. Bortner and I set up some new experi-
ments to measure the total ionization produced
when an alpha particle dissipates its energy in a
gas. These simple experiments provided data
needed to calibrate the ionization detectors used
for radiation protection.

As often happens, simple experiments require
elaborate speculations, leading to new theories and
to far more complex experiments. Thus, we set up
a highly integrated but varied experimental and
theoretical program to attempt to understand na-
ture’s simplest example of the interaction of radia-
tion with matter—swift protons striking a helium
atom. One effect particularly attracted our atten-
tion. It was observed as early as 1915 that very
small quantities of impurities in helium gas could

DAl AuUrst
conceived the
idea of single-
atom detection
using resonance
ionization
spectroscopy.
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Ernest Rutherford
and Hans Geiger,
who invented the
proportional
counter in 1908,
wrote about

the possibility

of counting
individual atoms.
The laser
(superimposed
on their writings)
made it possible.
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cause the total ionization to increase by about
50%. Niels Bohr commented on this surprising
effect, later known as the Jesse effect because of
the dedicated work of W. P. Jesse at Argonne
National Laboratory in the 1950s. This approach
taught me that the pursuit of a simple problem
often opens up a wider horizon. We were success-
ful not only in obtaining badly needed practical
data but also in understanding this effect at the
level of the atom and electron.

The radiation physics and dosimetry program
grew to about 25 permanent staff members in the
early 1960s, plus an average of about 10 graduate
students, primarily from the University of Tennes-
see and Vanderbilt University. By this time, we
were studying the ability of matter to stop pene-
trating radiation (stopping power), excitation and
ionization processes, the motion of electrons in
gases, the capture of electrons to make heavy
negative ions, and ion-molecule interactions. We
also had major theoretical efforts relating to the
transport of radiation in matter.

1 _:r ORNL Director Alvin Weinberg has
noted the strong interaction between basic and
applied research and how they strengthen each
other. Our b: ~ research results on total ionization
and ionization interactions in the gas phase cleared
up some long-standing puzzles in radiation phys-
ics and helped radiation chemists better under-
stand their experimental results. In turn, both ra-
diation physics and radiation chemistry were

essential for grasping the principles of
radiation biology.

On the practical side, our applied
research data on electron mobility, at-
tachment, and diffusion improved our
understanding and design of detectors for
radiation dosimetry. I recall with consid-
erable nostalgia the excitement experi-
enced by the dosimetry group (E. B.
Wagner, W. A, Mills, and others) when
we developed several kinds of dosimeters
that could actually measure the energy
absorbed in living tissue. These devices
were based on the proportional counter,
invented by Ernest Rutherford and Hans
Geiger at Manchester in 1908.

The ORNL group used proportional counters
that measure fast neutrons and ignore the gamma
radiation that is less effective in producing bio-
logical damage. The use of these dosimeters was
vital here and around the world in measuring the
hazardous neutron radiation produced by reactors
and other fission sources. A different class of
detectors was required to measure neutrons from
atomic weapons. “Threshold detectors™ (contain-
ing small samples of materials that would fission
as a result of neutron bombardment) were quickly
developed in response to an Atomic Energy
Commission request that we perform neutron
dosimetry for weapons tests in Nevada.

When the AEC charter was changed in 1975 to
include other forms of energy (i.e., the transition
from AEC to DOE), we were asked to broaden our
research outlook. This challenging task was easier
for us than others because we had been working at
a basic level. For example, our studies on electron
transport and negative ions were readily adaptable
to the problem of determining health and environ-
mental effects of chemicals released to the atmos-
phere. Our research on energy pathways following
radiation absorption in gases led to the develop-
ment at ORNL of resonance ionization spectros-
copy (RIS), an important analytical chemistry tool
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for counting ordinary atoms. The ability of propor-
tional counters to detect even a single electron
gave me the idea of using lasers for single-atom
detection. I am grateful to several colleagues who
formed a team with me to carry out this exciting
work.

Basic research is a remarkable pursuit, and
those who take part in it are, indeed, privileged. I
recall once boasting that basic research could be
justified to anyone and that studies on electron
transport in gases could be sold to the fire depart-
ment. Although that certainly sounded daring at
the time, look at the now-common smoke detector.
To my chagrin, we should have, but did not, in-
vent this device! In our research programs, we
studied three phenomena (ionization of gases with
alpha particles, electron mobility, and electron
capture) that have been used in various versions of
the smoke detector.

Two important programs grew out of our re-
search on electron interactions and the transport of
electrons through gases. As a graduate student,
Bob Compton studied time-of-flight mass spec-
troscopy of negative ions to better understand the
fate of electrons in a gas. His work blossomed to
include photodetachment and photoionization
studies and has Jed to new ion sources for particle
accelerators. Loucas Christophorou continued
with electron swarm studies, which were broad-
ened into a variety of basic studies on large mole-
cules. On the practical side, the Christophorou
group has pioneered the field of gaseous dielec-
trics—so important to the electrical power
industry.

One of the most important reasons for so much
success in radiological physics at ORNL is the
strong interplay here between theory and experi-
mentation. In all of my early work with radiation
detectors and dosimeters, I had the good fortune to
team with Ritchie, Neufeld, Snyder, Ray Garrett,
and Harvel Wright. These theorists were available
for consultations on the practical radiation dosime-
ters and were especially helpful in suggesting
basic experiments that would build a base for
future innovations. Starting in 1949, I worked
closely with Ritchie in developing neutron do-
simetry. As a colleague, he taught me that a
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knowledge of theory and an ability to make quick
calculations can save considerable time in experi-
mental work. Also, James E. Turner and I collabo-
rated on a book on elementary radiation physics.
Since the 1970s, I have had the good fortune of
working with Marvin Payne on the interaction of
charged particles with matter and the use of laser
techniques to study these interactions. This close
collaboration led to the development of RIS for
single-atom detection and a book he and I wrote
on this subject.

In the currently emphasized area of high-tech-
nology inventions and product innovations, a
number of commercial products have come from
the 40 years of radiological physics at ORNL.
These include the licensing of three separate neu-
tron dosimetry technologies (to Raychronix, Reu-
ter Stokes, and EG&G) and the formation of sev-
eral new companies (Elographics, Atom Sciences,
and Comstock) for the development and marketing
of other products. My opportunity to be a co-
inventor of the “touch screen” (developed by Elo-
graphics) was a thrilling experience. Ernest O.
Wollan. who was one of ORNL’s most respected
physicists and who. with Morgan and others, pio-
neered the field of health physics at the University
of Chicago, advised me that physicists can also be
inventors and through invention can participate—
even as national laboratory researchers—in free
enterprise, a cherished comerstone of American
democracy. How fortunate we and our society are
today that there i« much wider recognition of this
possibility.

Sam Hurst, a former section head in ORNL’s
Health and Safety Research Division, helped
develop neutron dosimetry, resonance ioniza-
tion spectroscopy, and single-atom detection
and started three new companies—Elographics
and Atom Sciences, Inc., in Oak Ridge and
Consultec Scientific Inc., in west Knoxville—
and a Laser Technology Center to conduct
applied research and provide laser training.
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Fundam ntal

Interactions in

Condensed Matter

By R. H. Ritchie

he challenges facing physicists work-
ing in our division’s interdisciplinary
environment are many, varied, and

' » always interesting. It has been my
good fortune and pleasure to work with many
highly talented and creative people at ORNL and
elsewhere. When [ joined ORNL’s Health Physics
Division (now the Health and Safety Research
Division) in the fall of 1949, a few physicists were
working on various problems in measuring per-
sonnel exposures to radiation. Among these were
Francis Davis, Paul Reinhardt, Joe Cheka, Jake
Neufeld, and Sam Hurst. Karl Z. Morgan, then
division director, strongly encouraged both basic
and applied research related to radiation do-
simetry. Under the leadership of Morgan and
subsequent directors John Auxier and Steve Kaye,
the staff has grown from this small nucleus to two
sections of about 35 full-time researchers engaged
in a wide variety of basic physical studies on the
interaction of radiation with matter.

It was very stimulating to work with Sam Hurst
during the early part of his career, when he was
pioneering new concepts in radiation dosimetry,
and later, when he established the Japanese Do-
simetry Program (to determine radioactivity doses
received by Japanese populations from the atomic
bombs dropped on Hiroshima and Nagasaki) and
techniques for nuclear accident dosimetry.

Another outstanding colleague, Bob Birkhoff,
Jjoined the Health Physics Division as a consultant
from the University of Tennessee (UT) in the early
1950s. Birkhoff built a beta-ray spectrometer that
measured energy losses of swift electrons after
penetrating thin foils. The idea was that such
physical data would help us understand radiation
interactions in solids and liquids (condensed mat-
ter) of biological interest. It was known even then
that the spectrum of valence electron excitations in
solids can differ markedly from that in the isolated
constituent atoms.

The word®  sma usually evokes a picture of a
hot, turbulent, and completely ionized state of
matter. Like  gaseous discharges in tubes built
by Irving Langmuir in the 1930s, a plasma sug-
gests a host of free electrons moving rapidly amid
a background of dynamic, positively charged ions.
Curiously, a simple piece of metal, though rela-
tively stable and cold, also qualifies as a “plasma”
in the view o1 .odern physics. In this case, the
plasma has a fixed background of positive ions
and a host of electrons free to move throughout
the volume, as indicated by the high electrical
conductivity of the metal.

If the time-varying electric field of a moving
ion or electron acts on a piece of metal, the field
polarizes the sample to form a time-varying elec-
tric charge density. The induced charges act on
one another in a collective manner to try to restore
equilibrium. If the applied field is removed, the
rush toward equilibrium gives the mobile charges
more kinetic energy, causing them to overshoot
the equilibrium point. The process subsequently
reverses and plasma oscillations are established.

The wave-particle duality of quantum mechan-
ics assigns particle-like properties to waves as
well as wavelike properties to particles such as
electrons. The quanta associated with waves
propagating in matter through the collective
motion of large numbers of electrons are called
plasmons.

In the 1950s. was working part-time with Jake
Neufeld, a wise and far-seeing theorist, on some
aspects of nonlocal dielectric theory, which deals
with dynamical, long-range effects of solids on
penetrating charged particles. We developed a
dielectric formulation of the response of a quan-
tum plasma and studied the spatial and temporal
distribution of excited electrons about a swift ion
in such a medium. This theory has had recent
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important ramifications in understanding *‘chan-
neling™ of ions through open regions in crystals.
About that same time, David Pines and David
Bohm, then of Princeton University, predicted that
metals should exhibit quantal excitations, or plas-
mons, corresponding to the oscillations that were
known to exist in classical plasmas.

Birkhoff and I surmised that certain measured
characteristic peaks in the energy-loss spectrum of
electrons penetrating metal foils might result from
plasmon generation. We analyzed spectra of these
losses, assuming that each given electron could
create many such plasmons if the foil were thick

Plasmon physics work aids understanding of
surface electromagnetic waves in solids.

the graph. The exchange of energy between bom-

barding electrons and electrons in the metal is now

explained by considering the metal as a plasma
and the electrical oscillations as particle-like
quanta called plasmons. Our data, plotted in the
figure shown here, were the' first measurements
and analyses of such losses in terms of the plas-
mon model.

I became curious about how the energy-loss
spectrum might be affected by the presence of
boundaries (e.g., solid surfaces) and worked out
the theoretical dynamics of the coupled fast elec-
tron—thin foil system. It turned out that completely

new features appeared in the excitation
spectrum of the bounded electron gas
(electrons confined to the solid) as a result
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of the coupling of the polarization charges
appearing at its surfaces. The polarization
is caused by the penetrating electrons,
which attract positively charged particles
and repel negatively charged particles in
the solid. The characteristic frequency of
the oscillating electrons at the surface of a
thick system is smaller than the volume
plasma frequency because of the depolar-
izing effect of the boundary. The quantum
of this oscillation is called the surface
plasmon (SP).

- Although I could find no definitive
L evidence in the literature that electron

energy losses to SPs had been observed,
I believed there was an appreciable

120 60.0 44.8 30.0 44.2
ENERGY LOSS (eV)

enough, and found that a Poisson distribution
fitted the data well and that theory gave good
agreement with the measured mean free paths for
plasmon excitation by the incident electrons. Elec-
trons penetrating a thin metal foil tend to lose
energy in discrete units. Most pass through with
no effect, accounting for the large peak at zero
energy loss. Others excite free electrons in the
aluminum, which oscillate collectively. but only at
the energy values given under successive peaks in
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probability of finding SP generation in a

properly designed experiment. So, I de-

scribed the distinguishing characteristics
of losses to these modes and published the paper
in The Physical Review.

About three years later, Cedric Powell and John
Swan of the University of Western Australia con-
firmed experimentally the existence of SP losses
by electrons. The SP has proved to be of great
importance in the rapidly developing field of sur-
face science. It is a prominent feature in electron
energy loss experiments, low-energy electron
diffraction, Auger electron spectroscopy.

Electrons pene-
trating a thin
aluminum foil
tend to lose en-
ergy in discrete
units. Most pass
through with no
effect, accounting
for the large peak
at zero energy
loss. Others
excite electrons in
the aluminum,
which oscillate
collectively, but
only at the
quantized energy
levels indicated
by successive
peaks in the
graph.
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A 1dsl elieciron
beam excites two
types of plas-
mons (quantized
electron oscilla-
tions) as it
reflects from a
metal surface. At
low angles of
incidence, the
plasmons are
confined to the
surface; as

the angle of
incidence
increases (top

to bottom and left
to right in the
figure here), the
oscillations
spread through-
out the volume,
and bulk plas-
mons, with higher
and more distinct
energy peaks,
predominate.
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photo-emission experiments, ca-
talysis, surface-enhanced Ram:
spectroscopy, and many other
areas of research.

In recent years SPs have been

shown to produce many striking
optical effects and are being inves-
tigated for potential applications in
holography, solar cells, miniature
light sources, new types of micros-

tection instruments, submicrome-
ter physics, and other areas. The
SP has been shown to be inti-
mately involved in the “image
force” in which a charge outside a

RELATIVE INTENSITY

§-5° 6-30°

solid surfact elicits an equal and
opposite charge inside the solid at
the same distance from the surface.
A high degree of current interest in
the SP is illustrated by the designa-

9-40°

tion of my original paper on the
subject as a “Citation Classic” by
Current Contents.

Birkhoff and I worked closely in
analyzing a set of measurements

g=15° 8-60°

i

that he and his co-workers made
on the spectra of electrons slowed
down in solids. This set of meas-
urements, plotted in the figure on
this page, remains the only such
data even today.

A fast electron beam reflected from a metal
surface excites two types of plasmons. At low
angles of incidence, near grazing (top), the beam
produces surface plasmons in the  etal (oscilla-
tions of electrons confined to the surface). As the
angle of incidence increases (top to bottom and
left to right in the energy-loss plots of the figure),
the oscillations spread throughout the volume, and
bulk plasmons begin to dominate. Since these
have slightly higher energies than the surface
plasmons, their peaks become more and more
distinct.

We made several theoretical cc ructions of
spectra in different solids for comparison. This
effort led us to develop new approximations for
the dynamic response functions of solids
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(e.g., response to perturbations by charges) that
have been very useful in arriving at parameters
related to the transport of electrons through solids.
This work is the basis of continuing research in
our group.

To better understand how surface plasmons are
manifested in experiment, we subsequently devel-
oped the theory of light emission from solids bom-
barded by swift charged particles, accounting for
both surface plasmon—photon coupling and the
generation of bremsstrahlung, or “braking radia-
tion” emitted when a penetrating particle is
“slowed down” in the solid. This theory was

Oal idge National Laboratory REVIEW




developed in close conjunction with the experi-
mental work of Ed Arakawa, who also joined the
Health Physics Division in the early 1960s and
whose outstanding ingenuity and expertise in the
laboratory have enabled him to make many impor-
tant contributions to surface physics. We derived
the first mathematical expression for the character-
istic energy of the fully retarded SP during this
period. This work has significant implications in
understanding surface electromagnetic waves in
solids, which are currently being investigated
intensively in areas such as integrated optics. We
were the first to apply hydrodynamic theory and
quantum dielectric theory to study the SP within
the “specular reflection model,” now used as a
standard theoretical tool to study collective modes
such as surface plasmons and surface polaritons.
During the 1970s, we worked on many aspects
of plasmon physics, including the properties of
such excitations in spheres, the Wood’s anomaly
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in diffraction gratings, the probability of
double-plasmon emission in electron energy-
loss spectroscopy experiments, the effect of
exchange on the inelastic mean free path of a
low-energy electron in a metal, the proper-
ties of electron-hole cascades in an electron
gas, and the anomalous damping of plas-
mons in polycrystalline metals.

In collaboration with Archie Howie of
Cavendish Laboratory in England, we ad-
dressed problems of electron microscopy.
For example, we devised a criterion for the
maximum resolution attainable in energy-
loss transmission electron microscopy and
scanning microscopy and developed a statis-
tical theory of the optical potential appropri-
ate to such work. In a subsequent collabora-
tion, we proved a general theorem about
energy-loss spectroscopy using electron
microprobes. This work is relevant to
understanding the spatial distribution of
energy deposition in condensed matter
and, thus, has important implications for
microdosimetry.

Also during the 1970s, we became in-
volved with new aspects of the theory re-
lated to stopping swift particles in matter by

carrying out the first nonlinear analysis of the
physics of the process, elucidating the characteris-
tics of the space-time disturbances created, and
studying the interaction of ion clusters in con-
densed matter. This laid the groundwork for a new
experimental method of establishing the steric
(geometric) structure of ion clusters.

Researchers important to the continuing devel-
opment of our programs joined our staff in the
early 1960s. Among these were Harvel Wright,
now head of the Biological and Radiation Physics
Section. who helped pioneer important theoretical
studies of the transport of electrons in liquid water
using Monte Carlo methods. Other talented re-
searchers involved in this work include Bob
Hamm, formerly a UT graduate student, and Jim
Turner, who came to us from the Atomic Energy
Commission and was recently named a Corporate
Fellow of Martin Marietta Energy Systems, Inc.
This group, together with Neufeld, used the Monte
Carlo approach over a long period to study the

Reflection of four
incident beams
from a quartz
slide coated with
microparticulates
of silver. Excited
plasmons on the
silver surfaces
give color to the
reflected light
(shown here as
shades of gray).
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transport of pions and other high-energy radiation
for dosimetry applications. Jim Ashley also joined
our division in the 1960s and has made important
contributions to our basic work in understanding
radiation interactions with atoms in solids.

An important dosimetry development at the
microscopic level (microdosimetry) has been the
use of Monte Carlo techniques to simulate the
time and spatial evolution of charged-particle
tracks in matter. A computer program developed
by Bob Hamm, Jim Turner, and Harvel Wright to
accomplish this is described more fully in the
article starting on p. 182. We have devised theo-
retical models for predicting collision cross sec-
tions over a wide range of energies for electrons
and ions in liquid water, using optical data ob-
tained by Birkhoff and Linda Painter. Cross sec-
tions of optically active, as well as acoustic,
modes of the liquid have been modeled. This work
contributed to the first realistic  :oretical micro-
dosimetry research.

When the federal government changed its em-
phasis in the 1980s to include broader aspects of
energy production and control, we were asked to
shift our research directions correspondingly,
building on our basic understanding of condensed-
matter interactions. We began studying the
physics underlying basic aerosol interactions,
including frictional forces on an atom near a sur-
face, ripplon effects (the interactions of atoms
with quantized surface waves on liquids), and
aspects of physisorption (the adsorption of atoms
on surfaces by van der Waals forces). We devised
a new and powerful technique for treating the self-
energy of atoms or charged particles (energy of
interaction with the polarization they create) and
applied it to analyze quantal effects in a number of
important systems. Other gifted researchers who
Joined our section during the last decade, such
as Oakley Crawford, Tom Ferrell, and Bruce
Warmack. have added much to our programs.

Among the many excellent aspects of working
at ORNL is : possibility of carrying out collabo-
rative research with colleagues at other institu-
tions. I was fortunate to have had several such
assignments. These were extremely stimulating
and fruitful, allowing developments of new tech-
niques and concepts through contact with active
and talented people such as Jens Lindhard (Aarhus
University, Denmark), Archie Howie (Cavendish
Laboratory, England), and Pedro Echenique (Uni-
versity of the Basque Country, Spain). Other out-
standing researchers with whom I have collabo-
rated include the late Wemer Brandt of New York
University, Dick Manson of Clemson University,
C. C. Sung of the University of Alabama at
Huntsville, Alberto Gras Marti of the University
of Alicante, Spain, and Fernando Flores of Au-
tonomous University of Madrid. Spain. I owe
much to the inspiration and stimulus of these fine
individuals and, especially, to the support and
encouragement of Hurst, Morgan, Birkhoff, and
Neufeld over the years.

As we move toward the 1990s, it is clear that
fundamental physics research has made, and will
make, many contributions to an increased under-
standing of radiation effects in condensed matter.
In the words of our former colleague,Werner
Brandt, in whose memory we dedicate an annual
Workshop on Charged Particle Penetration Phe-
nomena, “St  orting basic -=~=~"h is like stock-
piling gold in Fort Knox.”

Rufus Ritchie, who came to ORNL in 1949, is a
theoretical physicist in ORNL’s Health and
Safety Research Division. He has a Ph.D.
degree from the University of Tennessee, has
received fellowships from Churchill College
and Cavendish Laboratory (both in England),
and has been a visiting professor at Odense
and Aarhus iiversities in Denmark. He is a
Corporate Fellow of Martin Marietta Energy
Systems, Inc., a fellow of the American Physical
Society, and a recipient of the Jesse W. Beams
Award for Excellence in Research from the
Southeastern Section of the American Physical
Society.
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Ions, Molecules,

and Energy

By R. N. Compton and Cornelius E. Klots

hemical physics is, as the name sug-

gests, a branch of science that sits

astride the interface between physics

and chemistry. Some might identify
it with physical chemistry, but there are some
subtle distinctions. A physical chemist might be
more interested in the acidity of a glass of water,
whereas a chemical physicist would more likely
ask whether acidity has any meaning in a cluster
of, for example, 50 water molecules. A gathering
of chemical physicists would probably contain
equal numbers of chemists and physicists.

For the past several years, the Chemical Physics
Section in ORNL’s Health and Safety Research
Division has obeyed this rule of thumb. Its roots
lie in early studies of radiation chemistry and
radiation physics and in the development of new
radiation detectors. These activities continue to-
day, along with added responsibilities in atmos-
pheric chemistry and pollutant detection.

Initially, we were interested in the physical and
chemical changes that occur in matter subjected to
ionizing radiation. The physics part of the ap-
proach addressed energy deposition questions—
for example, when an alpha particle is stopped in

DIFFERENCE SFg ION CURRENT
(ARBITRARY UNITS)

ORNL chemical physicists measure
electron affinities, discover “super
halides,” study metastable negative
ions, and pioneer in multiphoton
ionization spectroscopy.

matter, where does the kinetic energy go? We
know that initially this energy is apportioned
among the many primary and secondary electrons
produced. The secondary slow electrons create a
multitude of excited species and free radicals.
These reactive species induce the chemical
changes in matter that constitute radiation damage.
Thus, an interesting and important part of the
interaction of ionizing radiation with matter lies in
the fate of the numerous slow electrons.

Many early studies in radiation chemistry made
use of the sulfur hexafluoride (SE,) molecule. Two
characteristics of SF, were especially interesting.
First, it has the intriguing property of attaching
only electrons of very nearly zero energy. Neutral
molecules of SF, deliberately added to a medium
having such slow electrons easily form negative
ions, and so can be used to detect these electrons.
Second, an isolated SF,~ ion may re-emit its excess
electron and return to a neutral state. The rate of
this emission is slow, partly because the SF, con-
stitutes a deep trap for electrons. Our own studies
have gone far beyond the SF, molecule. Neverthe-
less, its properties will serve as a common de-
nominator for the discussions that follow.
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Using the SF -
scavenger tech-
nique, ORNL
scientists dis-
covered these
“negative-ion
resonances” for
a series of
fluorinated
benzenes.
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Not all molecules hang on to an electron as long
as SF,. It is much more common for an electron to
form a negative ion having only a fleeting exis-
tence. In the early 1960s, George Schulz at the
Westinghouse Research Laboratories discovered
such “negative-ion resonances” in helium and
nitrogen and found that these occur only when the
energy of the electron exactly matches an energy
gap in the negative ion. The negative-ion reso-
nances in nitrogen (Nz) and carbon dioxide (CO,)
have made possible the CO, laser, for example.
Infrared light from this laser results from the
stimulated emission of vibrationally excited CO,
molecules, which are produced by electron impact
on CO, molecules and also by vibrationally
excited N, molecules. In either case the excitation
is a result of resonances

Shortly after Schulz’s announcements, we dis-
covered resonances in a large number of organic
molecules, using the “SF, scavenger” technique.
In this approach, electrons emitted by electroni-
cally or vibrationally excited nega-
tive ions are picked up, or scav-

]

resonances, the affinity for electrons is “negative’
because the molecule takes on energy when it
picks up an electron—that is, energy from outside
the molecule is required to attach the electron.
Conversely, an atom or molecule that has a “posi-
tive” electron affinity gives up energy upon at-
taching an electron. Determining electron affini-
ties—whether positive or negative and how much
energy is absorbed or released—is notoriously
difficult, especially for molecules. We developed a
novel charge-transfer method for measuring elec-
tron affinities of large molecules. Attesting to its
timeliness, similar techniques were simultaneously
developed by E. W. Rothe (Wayne State Univer-
sity) and Dudley Herschbach (Harvard).

Our method involves measuring the threshold
for charge exchange from an alkali atom (A) to a
molecule (M),

A+M->S A"+ M,
The figure below shows the cross section for

charge exchange between fast cesium atoms
and para-benzoquinone (PBQ) as a function of
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collision energy. The electron affinity of PBQ
(1.89 €V) was deduced by subtracting the ion-pair
threshold energy (2.1 eV) from the ionization
potential of cesium (3.89 eV). The energy depend-
ence of such cross sections (related to probabilities
of charge exchange) above threshold are found to
obey the Wigner threshold law—that is, to be very
nearly a step function. (The law was discovered by
Eugene Wigner, former ORNL director and Nobel
laureate.)

Because the electronic structures of all organic
molecules are similar, we were able to calculate
the electron affinities of such species using a semi-
empirical approach. J. M. Younkin, a graduate
student from the University of Tennessee (UT),
related the measured electron affinities to the
calculated energies for unoccupied molecular
orbitals (energy levels). The electron affinity was
taken to be directly proportional to the energy
level of the lowest unoccupied molecular orbital,
and excellent correlation was obtained. Once this
correlation was well-established, we used the
method to calculate the electron affinities of more
than 120 organic molecules.

During these studies, a class of molecules, in-
cluding platinum hexafluoride and gold
hexafluoride, was discovered in which charge
exchange occurred all the way down to approxi-
mately zero collision energy, indicating that the
electron affinity of these molecules was greater
than the ionization potential of the alkali atom. An
important example of these “superhalide’ mole-
cules is uranium hexafluoride, whose electron
affinity is now believed to be greater than ~8 eV.

In 1982 Bob Compton began an important col-
laboration with Gerald Alton of the Physics Divi-
sion, and later with Dave Pegg (UT Department of
Physics), studying a special class of “metastable
negative ions” in which an extra electron is bound
to an atom or molecule already in an excited state.
As this long-lived species relaxes back to its
ground, or neutral, state, it ejects the weakly
bound electron. One such example is the meta-
stable negative ion of beryllium—Be(1s* 2s 2p°).
which is formed through a double charge
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exchange between a Be* ion and two separate
alkali atoms—as when a fast Be* beam bombards
a lithium target. In the figure below, the cusp-like
feature at ~3.5 eV corresponds to collisionally
detached electrons traveling at the ion-beam
velocity. The peak at ~12 eV corresponds to auto-
detachment of electrons through the process
Be(1s*2s2p*) — Be(1s™2s°) + e.
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More recently, and mainly through the efforts of
Pegg and Jeff Thompson (UT Department of
Physics), we have determined the electron affini-
ties of stable ions such as boron (B-) and calcium
(Ca’) using fast-beam, laser-photodetachment
electron spectroscopy. Before these studies, Ca-
was not believed to be stable (nor for that matter
were any of the Group IIA metal negative ions).
Our discovery that the negative calcium ion is
stable was reported in 1988 by Physical Review
Letters, several less-technical science magazines,
and local newspapers.

Collisional and
autodetachment
electron spectra
for metastabie
beryllium ions.
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A special type of negative ion, first studied at
ORNL by Jim Turner and Ken Fox (UT Depart-
ment of Physics), has only recently been experi-
mentally verified. Some early experiments by Sam
Hurst and John Stockdale suggested that polar
molecules (those having opposite charges at oppo-
site ends, or poles, of the molecule) might tempo-
rarily bind an extra electron because of their di-
pole moment (a measure of the molecule’s charge
separation). Turner and Fox confirmed that a
nonrotating molecule whose dipole moment was
greater than ~1.6 debye would bind an extra elec-
tron. Although Turner and Fox were the first of
many to derive this result, they later found that
Enrico Fermi and Edward Teller had, in passing,
mentioned the value of 1.6 debye in a 1940 report

on electron-fixed dipole binding. ORNL's Ray
Garrett and Oakley Crawford showed, however,
that a rotating dipole (i.e., a real molecule) needs a
dipole moment of ~2 debye to bind an additional
electron. This and many other properties of polar
negative ions and of electron scattering by polar
molecules were theoretically described in the
mid-1970s at ORNL. Some of these features have
only recently been experimentally confirmed.

We mentioned earlier that an SF~ ion formed
by direct electron attachment will slowly emit its
electron. Calculating the rate of such a process
shows that the usual chemical theories are not
applicable. Eph Klots developed a more general
way to address this dynamics problem. As a bo-
nus, his approach also predicts the energy states of
the final products from a given reaction.

Suppose an excited molecule has more than
enough energy to dissociate, or break apart. Will
this extra energy appear as kinetic energy of the
emitted particle? Radiation chemists had fre-
quently supposed that it would, but Klots pre-
dicted that the fragments would carry only a small
fraction of the additional energy.

In the figure shown here, we see the kinetic en-
ergy distributi  of fragments from the dissocia-
tion of propyl iodide (C,H,I") ions having a well-
defined energy. Over most of the range, this distri-
bution is a very nearly exponentially decreasing
function of the energy. At very low energies, a
depletion arising from centrifugal effects is also
seen. The line through the data points represents
Klots’ a priori prediction.

The exponentially decreasing portion of the
graph is a signature of an idea previously familiar
to chemists only as a mental construct—the
reaction coordinate. It is noteworthy that this con-
struct can also be traced back to ideas of
Eugene Wigner, formulated long before he came
to Oak Ridge.

It is a long step from the single-molecule stud-
ies described above to an understanding of radia-
tion effects in condensed media. Recognizing this,

1 noting also the increasing interest in energy-
related contaminants in the atmosphere, we began
directing our traditional techniques to investiga-
tions of small clusters of matter. Often called van
der Waals molecules, these weakly bound aggre-
gates of atoms or molecules can be generated in
the laboratory with a sonic nozzle, an expansion
device that chills gas molecules, sometimes reduc-
ing their vibrational and rotational energies
enough for them to form molecular clusters.

As mentioned earlier, electron attachment
to single molec s often occurs via brief
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“resonances’ —that is, the molecules momentarily
have an electronic energy level capable of accept-
ing an extra electron. In clusters of increasing size,
we saw these resonances shift and evolve toward
“solvation bands” characteristic of a condensed
phase; in effect, electrons seemed to be
“dissolved™ by the closely packed gas atoms.
Sometimes we observed new resonances having
no precedent at the single-molecule level.

Of particular interest were species such as the
negative ion of CO,, which is metastable—that is,
the extra electron is spontaneously ejected after an
ion lifetime of ~90 us. Solvation with only one
additional CO, or water molecule was found suffi-
cient to change its electron affinity from a nega-
tive to a positive value—it could retain its excess
electron and not return to the neutral state. Like-
wise, we found that ionization of a cluster could
trigger a series of ion-molecule reactions whose
occurrence could only be surmised at the single-
molecule level.

One role of the medium surrounding a molecule
is to dissipate energy. This is illustrated by a reac-
tion studied much earlier by Sam Hurst. He found
that an electron can attach itself to a single oxygen
molecule, only to be quickly re-emitted unless a
stabilizing collision with a “third body” inter-
venes. We found that slow electrons can be at-
tached directly to a preexisting oxygen dimer,
which, in effect, offers a built-in third body. We
called this phenomenon “‘evaporative electron
attachment.” It is now understood to be the
mechanism by which free electrons disappear
from the ionosphere.

Having characterized evaporative electron
attachment, we turned to the dynamics of evapora-
tion per se. Drawing on previous experience with
unimolecular reaction theory, Klots was able to
arrive at several scaling laws applicable to evapo-
ration. Up to now, they have been tested with
experimental measurements on molecular clusters
from sonic-nozzle expansions. Nevertheless, they
should be equally applicable to the aggregates
vaporized from surfaces by sputtering and laser
ablation.

Even without an extra electron, van der Waals
complexes are interesting. We have developed a
formalism that aliows us to readily evaluate their
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thermodynamic properties. For example. we have
calculated the pH of steam, thus addressing the
question posed earlier: Is acidity a meaningful
concept in small clusters? Seemingly esoteric, this
result is directly pertinent to work in ORNL's
Chemistry Division related to the properties of
high-pressure steam in nuclear reactors.

The invention and development of the high-
power tunable dye laser in the mid-1970s changed
chemical physics research almost entirely. It be-
came immediately evident that this revolutionary
new light source could provide new insight to
many fundamental aspects of radiation research
and atmospheric physics. Using this new tool,

A. D. Williamson (postdoctoral student from the
California Institute of Technology) and Bob
Compton initiated one of the original studies of
multiphoton ionization (MPI) spectroscopy. We
were one of the original groups to enter this excit-
ing area of chemical physics.

In addition to using the tunable dye lasers, John
Miller and John Stockdale have been instrumental
in developing frequency conversion techniques
that extend the laser radiation into the vacuum
ultraviolet region and further into the infrared
region. These methods, which involve third-har-
monic generation (a nonlinear optical effect in
gases in which three photons of one energy are
converted to one photon having three times that
energy), wave mixing, and stimulated electronic
Raman scattering, have played an important role
in many areas of basic and applied research.

Early in our MPI studies, Miller and I observed
that many three-photon resonances were not seen
in the MPI spectra at modest pressures but were
very intense at low pressure under single-collision
conditions. Together with Ray Garrett and Marvin
Payne, we later showed that three-photon reso-
nances disappear because of the generation of
third-harmonic radiation in the medium at low
pressures. This disappearance occurs because the
one-photon excitation and three-photon excitation
are out of phase and cancel each other, resulting in
no excitation,

Although not known to us, an analogous result
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was predicted by a group of Russian theorists in
the mid-1960s. Our group has made subsequent
contributions in both the theoretical and experi-
mental description of this phenomenon. A physi-
cal model of the cancellation mechanism was
provided by D. Jackson and J. J. Wynne (IBM)
when they noted that the reflection of the laser
beam upon itself restored the resonance-enhanced
population at that level by thwarting the cancella-
tion. This effect has now been observed in many
atomic and molecular systems, and several unex-
pected consequences of the effect have been dis-
covered here at ORNL.

Members of our group have been active in
many MPI investigations, and we will mention
only one other example. One-photon photoelec-
tron spectroscopy (PES) of gas-phase atoms and
molecules has provided unique information on the
electronic, vibrational, and sometimes rotational
states of gas-phase ions and added to our under-
standing of atoms and molecules. Miller and
Compton have extended PES to multiphoton
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ionization studies (i.e., MPI-PES), achieving a
marriage of two major technological advances in
contemporary science: PES and the laser. The
relatively new science of nonlinear optics provides
the underlying 1ysics of the processes involved.
In this connection, it is worth noting that the

1981 Nobel Prize for Physics was shared by N.
Bloembergen, A. Schawlow, and K. Siegbahn for
developments in nonlinear optics, the laser, and
PES, respectively. MPI-PES has become a field in
itself and promises to surpass conventional PES in
advancing our understanding of atoms and mole-
cules. The figure on this page shows an MPI-PES
spectrum of xenon atoms that also indicates the
angular distributions of the photoelectrons with
respect to the laser polarization direction.

In a current investigation, Miller and Howard
Carman are applying MPI techniques and Rydberg
atom-sensitization to the study of van der Waals
molecules. The atom-sensitization is remarkably
similar to the process of electron attachment and
is, thus, another extension of our previons work.
Plus ¢a change, plus c'est la méme

Robert N. Compton is a group leader in the
Chemical Physics Section of the Health and
Safety Research Division and a Corporate
Fellow of . irtin Marietta Energy Systems,
Inc. He came to ORNL in 1965 after
receiving a Ph.D. degree in physics from
the University of Tennessee. He is also a
Professor . Chemistry at the University

of Tennessee.

Cornelius E. (Eph) Kiots, a senior scientist
in HASRD’s Chemical Physics Section,
came to ORNL in 1964 after obtaining his
Ph.D. degree in physical chemistry from
Harvard University. He is recipient of an
annual HASRD Achievement Award and
has been a Ford Foundation Professor of
Physics at the University of Tennessee and
a visiting professor at the University of
Paris.
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metastable helium atom within the laser beam.
The sum total of these ionizations could then be
measured as an electrical pulse whose magnitude
reflected the total number of atoms ionized. In this
demonstration experiment, the counter-propagat-
ing pulsed-laser beam resonantly excited and then
ionized all the metastable atoms within the beam,
and the pulse of electrons was measured. The
ORNL researchers called their new process
resonance ionization spectroscopy (RIS).

Our research team quickly realized the ultra-
sensitive detection capability that could be made
possible by using a combination of tunable dye
lasers to resonantly (and, therefore, selectively)
excite and then ionize various chemical species,
which could then be measured by charged particle
detectors. Because even a single charged particle
can be counted in a sensitive charge-detection
device, this meant that even single ionized atoms
could be counted within a laser beam.

One device capable of measuring a single ioni-
zation event is the gas proportional counter shown
in the figure below. This device was used at
ORNL by Hurst, Nayfeh, and Jack Young (of the
Analytical Chemistry Division) in the first demon-
stration of single-atom detection, providing the
basis for a very selective and sensitive analytical
technique.

X-RAY
CALIBRATION SOURCE

Cs METAL SOURCE
AND FILAMENT HEATER

LASER
WINDOW apart) the molecules under investiga-

PROPORTIONAL
COUNTER

In the initial study, a very low concentration of
cesium atoms was introduced into the proportional
counter, which also contained a low-pressure,
inert, buffer gas. A pulsed laser was tuned to one
of cesium’s absorption frequencies and guided
through the gas chamber of the proportional
counter. The laser beam selectively ionized the
cesium atoms that happened to be in the beam
during a pulse. The electrons thus liberated (by
RIS of cesium) were accelerated to a central
charge-collection wire, creating an avalanche
effect in the gas volume as the electrons rushed
toward the wire and a resultant electrical pulse
proportional to the number of electrons liberated
(one from each cesium atom within the beam).
Using the proportional counter apparatus shown in
our illustration and compatible tunable laser, elec-
tronics, and data acquisition systems, they showed
that single ato of cesium could be detected and
counted, even though they were present in a popu-
lation of 10!7 atoms and molecules of other types!

The ultrasensitive and highly selective proper-
ties of RIS opened many new research avenues in
chemical physics at ORNL. Various phenomena
have been studied using RIS, and an experimental
ionization chamber was developed in which two
or more laser beams passed through the internal
gaseous medium (see figure on next
page). The experimental chamber con-
t 1 a low concentration of targeted
molecules in a higher concentration of
an inert gas. One laser beam was used
to excite and dissociate (i.e., break

tion, while the second laser beam (or a
pair of superimposed laser beams) de-
tected and quantified the atomic frag-
ments of a given type from the dissoci-
ated molecules. The dissociating laser
was fired first, forming an initial popu-
lation of dissociated atoms along the
beam path. The second parallel laser
beam (the RIS laser) was fired later and
at a measured distance from the dissoci-
ated atoms. By changing the timing
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tiples of the original laser frequencies or sums or
differences of the frequencies of the incoming
laser beams. Nonlinear wave mixing permits us to
create new laser beams having wavelengths
shorter than those available from currently exist-
ing laser dyes (i.e., ultraviolet wavelengths) and
longer than those available otherwise (i.e., infrared
wavelengths). Such extensions of existing laser
technology are often required to provide a reso-
nant wavelength needed in a particular applica-
tion, such as the 8'Kr detection problem.

In doing these studies, we discovered new
physical effects associated with nonlinear wave
mixing in gaseous media. Indeed, because physi-
cists are less accustomed to dealing with nonlinear
phenomena, we often observe surprising behavior.
For example, we have found that, under many
circumstances, the new frequencies generated can
interfere with processes caused by the initial laser
beams. Under the conditions at which the nonlin-
ear wave mixing occurs, the interference effect
can be strong enough to completely prevent laser
excitations in certain classes of atomic transitions.
Another type of interference from new frequencies
generated within an atomic medium limits the
efficiency of generating ultraviolet beams, while
yet another manifestation causes one of the gener-
ated beams to travel only backwards (i.e., in a
directton opposite to that of the laser beam used to
generate the process).

Once understood, these nonlinear optical phe-
nomena can be useful. Based on nonlinear wave
mixing studies, Garrett, Payne, and Wanda Ferrell
devised and implemented a method for simultane-
ously determining atomic oscillator strengths,
absorption coefficients, and linear indices of re-
fraction for very-short-wavelength ultraviolet light
generated in noble gas mixtures. In separate work,
a three-photon resonant type of RIS scheme was
used to measure pressure-induced broadening and
shifting of atomic resonant transitions in extreme
pressure regimes that are inaccessible by conven-
tional techniques. Some of these nonlinear optical
techniques are being used to develop methods
for remotely detecting minute concentrations of
airborne molecules.

Sensitive detection systems based on multipho-
ton ionization can also be used to study processes
that occur at very low probability (analogous to
our detection of species that are present in low
concentrations). In this context, we can produce
low-probability excitations of very high-energy
molecular states through a novel two-photon proc-
ess that combines one low-intensity, high-energy
photon (ninth harmonic of a Nd:YAG laser) plus
one photon from a high-intensity tunable laser
beam. Then, by making RIS measurements, we
can gain information about spectral positions
(energy levels) of the new molecular states pro-
duced and, for the first time, measure the absolute
two-photon transition probabilities. This informa-
tion could help solve the complementary problem
of developing more sensitive detection methods
for some chemical species (e.g., perhaps a more
sensitive plastic-explosives detector for use in
airports).

Some of the laser-based techniques developed
at ORNL over the past 10 to 12 years have been
used in fields as diverse as climatology, geology,
and solid-state electronics. New experiments
aimed at detecting solar neutrinos, observing
quarks, and producing and detecting superheavy
atoms are made feasible by the methods and modi-
fications of RIS. We will continue to explore the
new research opportunities provided by thece
promising new laser-based technologies.

W. Ray Garrett is head of the Chemical Physics
Section of ORNL’s Health and Safety Research
Division. He came to ORNL in 1966, three
years after receiving his Ph.D. degree in physics
from the University of Alabama.

Marvin G. Payne is leader of the Photophysics
Group in the Chemical Physics Section. An
ORNL staff member since 1972, he holds a
Ph.D. degree in physics from the University of
Kentucky. He and Sam Hurst are coauthors
of the book Principles and Applications of
Resonance Ionization Spectroscopy.
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Surface and

Submicron Physics

By Thomas L. Ferrell and Edward T. Arakawa

ne of the ambitions of the scientific

community over the past several

decades has been to “visualize™

individual atoms by imaging the
electron cloud around the outer part of the atom at
a resolution that is a small fraction of the atomic
size. In the early 1980s, the development of the
scanning tunneling microscope (STM)—a revolu-
tionary type of electron microscope that offers a
resolution as much as 100 times that of the best
scanning electron microscopes and that received a
1986 Nobel Prize for Physics—allowed us to
achieve this goal.

The first version of an STM at ORNL, and in
the entire southeastern United States, was con-
structed in 1986 by the Liquid and Submicron
Physics (LSP) Group of ORNL’s Health and
Safety Research Division (HASRD). This group’s
research interests range from basic physical
phenomena to the development of
practical instrumentation for biologi-
cal, chemical, and environmental ap-
plications. Our first STM images of
the electron distribution (electron
density) around individual atoms
were obtained in late 1986 for the
surface atoms of pristine silicon in
ultrahigh vacuum. Silicon was a
prime target because of its impor-
tance in the microelectronics
industry.

Today ORNL’s STM comprises
four instruments, three of which
operate under air, water, liquid nitro-
gen, or other fluids. With these, we
have examined atoms of metals,
graphite, and conducting polymers;
silane molecules on highly oriented
pyrolytic graphite; and tobacco-
mosaic viral (TMV) organisms on
gold-coated mica (shown on this
page). The STM achieves a
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somewhat poorer resolution on biological samples
than on inorganic materials because biological
maitter tends to bind electrons very tightly. Fortu-
nately, the resolution (0.1 nm) is high enough to
clearly identify the TMV. As improved STM
techniques are developed for biological materials,
it may become possible to use STM to sequence
the human genome at unprecedented rates and
resolutions.

The LSP Group shares with HASRD’s Physics
of Solids and Macromolecules Group in research
on the rapid identification of ultralow levels of
chemical compounds on surfaces. Technologies
available for this in the past have been unsatisfac-
tory. Mass spectroscopy is very sensitive and
discriminates well, but it is a relatively slow and
expensive process. Infrared spectroscopy is rela-
tively rapid but, in many cases, is not readily ap-
plicable for detecting the smallest quantities

ORNL researchers invented a
photon scanning tunneling microscope
that images biological samples.

1 obacco mosaic
virus imaged in
air by ORNL's
electron scanning
tunneling
microscope.
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Robin Reddick,
a UT student,
helped develop
the photon
scanning
tunneling
microscope

at ORNL.
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required. Neither method is very useful for aque-
ous samples.

In the past ten years, surface-enhanced Raman
spectroscopy (SERS), which relies on detection of
color shifts in visible light, has been the method
used to rapidly identify single layers of organic
molecules a .. on a silver-coated surface.
Our research has developed microstructured silver
substrates that greatly enhance the sensitivity and
versatility of SERS instrumentation. We have
obtained sensitivities more than a million times
better than that of conventional methods, and we
demonstrated that a number of toxic compounds
can be detected in trace amounts by depositing a
microstructured silver surface on an optical fiber.
The fiber is also useful as an extended probe in
portable instruments for field studies to screen
water supplies or chemical dumps for toxic com-
pounds. Other potential applications of our SERS
improvements include drug screening, counterfeit
deterrence (by tagging documents with SERS-
detectable compounds), and monitoring of air-
borne pollutants.

Recently, Bruce Warmack and Tom Ferrell of
HASRD and Robin Reddick, a University of Ten-
nessee student, developed a photon scanning tun-
neling microscope (PSTM), which is the optical
analog of the electron STM.

Although the PSTM has one-thousandth the
resolution of 2 STM, it has an important advan-
tage over the STM. Unlike the STM, the PSTM
does notrequ  the samples to be conducting or
coated with conducting materials. As a result, it
can be used to characterize optical and other elec-
trically insulating surfaces, such as those found on
biological samples. The first biological sample
imaged by the new microscope was E. coli bacte-
ria, rod-shaped organisms found in the human
stomnach that have been used to clone new genes
(see photo on next page).

The PSTM has imaged details as small as one-
sixth of a wavelength of visible light (~100 nm),
several times better than the theoretical resolution
limit for optical microscopes. By modifying the
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Radiation-Induced

Interactions in

Biological Materia s

By Harvel A. Wright, James E. Turner, and Robert N. Hamm

hen a charged particle, such as

an electron or alpha particle,

travels through biological

material, it physically interacts
with the atoms and molecules of the material.
These physical interactions result in the transfer of
energy from the particle to the material and, in
general, cause excitations or ionizations of the
surrounding atoms and/or molecules. Secondary
electrons produced by such ionization events may,
themselves, have sufficient energy to cause addi-
tional ionizations and excitations.

These physical events occur very rapidly. In
local regions of a track, the physical interactions
produced by a primary charged particle and all of
its secondaries are complete within about 10~ s
(one millionth of one billionth of a second). The
initial physical changes are followed by ion-
molecule reactions that result in the production of
chemically reactive ions and radicals that are pres-
ent ~107'% 5 (one millionth of one millionth of a
second) later. Diffusion and chemical reactions
within the track or path of a charged particle
begin at this time and are generally complete
in about 107%s.

These rapid reactions in irradiated tissue pro-
duce changes that can contribute to cancer devel-
opment decades later. A detailed understanding of
these physical and chemical interactions with
biological molecules will help us understand the
mechanisms involved in the production of cancer
and other radiation-induced biological damage.
For this reason, physicists, chemists, and biolo-
gists have been working for decades to understand
the details of this complex sequence of events.

Little is known about these interactions in con-
densed matter (liquid or solid phases) because
many of the physical and chemical events are not
amenable to direct measurement. In the gas phase,
a charged particle can interact with a single atom
or molecule, subsequently scattering at a lower
energy and in a new direction. A detector can then
record the energy and direction of the incident

particle as well as the energy, direction, and iden-
tity of the other products of the interaction. How-
ever, in the condensed phase, the interaction of an
atom or molecule with a charged particle is influ-
enced by the resence of its neighbors. In addition,
a charged particle may interact almost simultane-
ously with many atoms or molecules of material in
the condensed phase.

In the mid-1970s we, together with Rufus
Ritchie, also in the Biological and Radiation
Physics Section of ORNL’s Health and Safety
Research Division (HASRD), decided to try some-
thing that had never been done before—to develop
cross sections (probabilities) for the interactions of
charged particles with liquid water. (Cross sec-
tions had been developed for gaseous water, but
never for the liquid phase.) We then used Monte
Carlo techniques (named for the city famous for
its games of chance) to produce a computerized
simulation of the events that would occur as a
charged particle passes through liquid water. Wa-
ter is, of course, a medium of great biological
relevance, because cells are composed mostly of
water.

To develop the needed cross sections, we first
had to determine the specific energy losses that
might occur. Pioneering measurements of liquid
water’s absorption and reflectance of photons in
the vacuum-ultraviolet region of the spectrum had
recently been made by Bob Birkhoff of our sec-
tion, now retired, and Linda Painter, now profes-
sor of physics at the University of Tennessee.
Starting with these optical measurements, we
developed a model for the specific energy-loss
events that would occur and estimated the cross
sections for each type of event. Using these cross
sections, we developed a Monte Carlo computer
code that randomly selects the distance a particle
travels to a collision with a water molecule, the
particle’s energy loss as a result of the collision,
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and the type of event the energy loss produced.
The code thus simulates the transport of a primary
charged particle and all of its secondaries through
liquid water and records the position and identity
of every physical event that occurs.

Working in collaboration with radiation chem-
ists John Magee and Aloke Chatterjee of the Law-
rence Berkeley Laboratory, we also developed a
model for determining the identity and position of
each reactive chemical species (ion or radical)
produced by each of the physical interactions.
Another model was developed to describe the
diffusion of these reactive chemical species
through the water, as well as their interactions
with each other and with other molecules in
solution.

In biological materials, a charged particle trav-
eling through the nucleus of a cell may interact
directly with a molecule, such as DNA, or it may
interact with the surrounding medium to produce
chemical ions or free radicals that can diffuse and
interact chemically with the DNA to produce indi-

4-MeV ALPHA

1-MeV PROTON

10-MeV PROTON
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ORNL physicists devised a new particle-detection system to help identify
mechanisms of radiation damage to biological molecules.

rect chemical damage. Biological systems have an
amazing intrinsic ability to repair the damage to a
DNA molecule. However, if both DNA strands are
involved, or if the damage is extensive, the system
may not be able to repair itself, and the damage is
permanent.

In general, high-LET (linear energy transfer)
radiation produces a denser track of these harmful
ions and radicals and causes more biological dam-
age than low-LET radiation. The figure on this
page shows the code-calculated tracks of three
charged particles, superimposed on idealized seg-
ments of a DNA molecule (shown as two helical
strands)The black dots in the track represent the
positions of reactive chemical species produced by
the particle. It is easy to see that much more exten-
sive damage may result from the 4-MeV alpha
particle (high LET) than from the 10-MeV proton
(low LET). In fact, the latter might pass directly
through the center of the DNA without producing
a single collision event.

We have recently taken another major step
toward identifying the mechanisms of radiation
damage to biological molecules. A new experi-
mental program is aimed at measuring the damage
to specific molecules irradiated in aqueous solu-
tion and comparing these data with calculated
damage for the same conditions. For the initial
work, we chose the dipeptide glycylglycine. A
hydrated electron (one of the reactive chemical
species produced in charged-particle tracks) can
interact with glycylglycine in water to produce
ammonia. The yield of ammonia depends on both
the concentration of the glycylglycine and the
LET (or density of reactive species in the track).

Hiroko Yoshida, of our section, and Bruce
Jacobson, of the Biology Division, have measured
ammonia production in solutions of glycylglycine
at various concentrations during irradiation by
250-kVp X rays. While working with us on his
Ph.D. dissertation, Wesley Bolch, a DOE Fellow
from the University of Florida (now on the Texas
A&M University faculty), calculated (1) the ener-
gies of electrons that would be produced by these
X rays in water and (2) the ammonia production

I nese coae-
calculated tracks
show reactive
chemical species
(black dots)
produced as
charged particles
pass through
idealized
segments of a
DNA molecule
(double helix).
The faster-
moving, high-
energy (10-MeV)
particle obviously
causes fewer
collision events
affecting the
DNA.
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Hiroko Yoshida
(shown here) and
Bruce Jacobson,
of the Biology
Division, are
measuring the
ammonia
produced in
solutions of
glycylgiycine
exposed to

X rays. Their
data (circles
plotted in inset
graph) show
excellent agree-
ment with the
calculated results
(smooth line in

graph).
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that would result from the transport of these elec-
trons. There is excellent agreement between
Bolch’s calculations and Yoshida and Jacobson’s
experimental results (see figure above).

Our next step is to study more complex mole-
cules, such as oligonucleotides and segments of
double-stranded DNA. This approach offers great
promise for identifying the specific mechanisms of
radiation-produced molecular damage in biologi-
cal systems. Our program represents the first
successful linking of the physical, chemical, and
biological interactions resulting from irradiation of
an aqueous system.

Our section has recently initiated a program to
apply these techniques to the study of radon, cur-
rently an indoor-pollution problem of considerable
concern. The decay chain of radon includes
daughters that emit alpha particles. We plan to
study the specific mechanisms by which radon-
produced alpha particles cause damage to biologi-
cal molecules and compare the damage quantita-
tively with that produced by other types of radia-
tion. In the long run, this approach may provide
our best hope of getting quantitative estimates of
the risk of exposure to low levels of radon.

A recent development in measuring the struc-
ture of charged-particle tracks complements this

/)
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work. About three decades ago, the micrometer-
sized nucleus of a biological cell was identified as
the cell site most sensitive to radiation damage.
The field of microdosimetry emerged to measure
energy deposition in sites of this small size. Low-
pressure ionization chambers were developed to
simulate the quantity of matter in micrometer-size
volumes of unit-density materials (such as biologi-
cal tissue). Since that time, it has become increas-
ingly apparent that the dimensions of the most
sensitive target area are in the nanometer range—
the diameter of the DNA molecule. Attempts to
measure energy deposited in such minute volumes
have heretofore been unsuccessful.

With assistance from Sam Hurst (now retired
from ORNL) and Scott Hunter (currently working
at GTE), we have recently designed a device that
can approach nanometer resolution in measuring
the structure of charged-particle tracks in a gas.
When a charged particle traverses the gas in a
chamber, it produces ionizations, which produce
secondary elec ns that may themselves produce
more electrons. Thus, the track will contain many
electrons distributed along the track where energy
transfers occur. The positions of the electrons in
the track can then be detected optically by apply-
ing a high-frequency alternating electric field.
This causes the electrons to oscillate about their
positions, colliding with molecules of the chamber
gas. These collisions excite the gas molecules,
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Ranking

Chemical Toxicity

By Annetta Watson, Troyce Jones, Clay Easterly, and Bruce Owen

ow toxic is “toxic?” What is a safe
drinking water concentration for any
one of the hundreds of new com-
pounds being developed annually
for commercial use as insecticides, plasticizers,
industrial cleaners, and solvents? How does a
federal, state, or local regulator on a limited
budget decide which hazardous waste site should
have top priority for cleanup? These questions are
not new; some very sophisticated thinking on this
subject took place during the 16th century when
the Swiss physician and alchemist Paracelsus
(1493-1541) stated, “All substances are poisons;
there is none which is not a poison. The right dose
differentiates a poison and a remedy.”

Our Health Effects and Epidemiology (HE&E)
Group in the Health and Safety Research Division
helps define that “right dose” for the Environ-
mental Protection Agency (EPA), the Department
of the Army, and the U.S. Air Force.

A critical convergence of national and interna-
tional events pushed ORNL researchers into the
arena of chemical toxicity. Historically, the Labo-
ratory’s efforts had been in line with the main
DOE (ERDA, AEC) objective of developing the
peaceful uses of atomic energy. Thus, consider-
able expertise was developed at ORNL in assess-
ing health issues related to nuclear power. How-
ever, because of the Arab oil embargo and energy
crisis of the 1970s and the de-emphasis of nuclear
energy during the Carter Administration, the back-
bone of the U.S. energy supply was seen as coal
and its liquid and gaseous by-products. This em-
phasis required a shift in attention from the rela-
tively well-studied radiological effects of nuclear
power production to the sparsely studied health
effects of chemical pollutants produced by the use
of fossil fuels.

Technological efforts to design and operate
facilities for producing liquid and gaseous fuels
from coal had to be accompanied by studies to
ensure that workers and public health were
protected. These facilities generated poorly char-
acterized intermediate and waste products (“black
goop”), which were suspected of being quite toxic

and possibly carcinogenic. As chemical analyses
of these wastes began, it became clear that the
cumbersome regulatory process was unprepared
for the onslaught of chemicals requiring regula-
tion. The HE&E Group’s task was to provide
exposure guidelines concurrent with planned con-
struction and operation of these facilities.

Different but complementary ideas were being
nurtured independently by Troyce Jones and Phil
Walsh (former leader of the HE&E Group); the
approach that timately developed was radically
different fromr istorical methods for assessing
toxicological hazards. There simply wasn’t time
for expert committee debate and numerical evalu-
ation of complex, chemical-specific, mathematical
models. We had to rely on intensive use of data in
an attempt to provide a methodology that could be
generally applied.

This generalized approach, which minimizes
the role of complex mathematical models, also
reduced the uncertainty factor in assessments, be-
cause a major portion of the uncertainty in risk
analysis comes from the mathematical analogy.
The key to our approach was an old concept from
pharmacology and radiation protection—relative
potency.

In a relative potency approach, the toxic effects
of the substance being evaluated are compared to
those of a well-studied chemical, considering all
levels of biological data. The potency of the newiy
identified components of the black goop can thus
be compared with the potency of a well-studied
“reference” chemical and with a variety of the
chemicals appearing for one reason or another in
the daily life of nearly everyone, many of which
are generally regarded as safe at environmental
levels. For example, relationships in the logarith-
mic scale of relative drinking water contaminant
hazards shown on the next page suggest that
vinyl chloride and PCBs may be overregulated.
Chror © VI may be underregulated, relative to
other EPA criteria, but not relative to consumption
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of tea or coffee, as shown on the chart
here. The PCBs, with a relative rating of
minus 8 on the scale, pose the lowest actual
health hazard of all the substances rated.

By incorporating information about com-
mon environmental exposures that are gener-
ally regarded as safe, equally safe levels of
newly identified chemicals can be estimated.

ORNL’s new method for ranking industrial chemicals by relative
biological potency leads to federal guidelines.

This relative method is in contrast to “abso-
lute™ methods of assessment, which are char-
acterized by committee deliberations where
great emphasis is placed on choosing the
single sentinel experiment that can be used to
evaluate a mathematical model. The model
most often used at EPA is the “linearized
multi-stage model,” which is compared with
test dose-effects curves in the near-toxic

range from the selected experiment and then
extrapolated to very low doses that may be a
millionfold lower. In so doing, untested as-
sumptions can introduce significant uncer-
tainties. The magnitude of the uncertainty can
greatly exceed the magnitude of the hazard at
environmental concentrations.

Although a high level of precision is sug-
gested by the absolute method’s complex mathe-
matical relationships and careful data selection,
the underlying assumptions and methods provide
only the seductive illusion of accuracy. The lack
of standardized reference points and the inability
to know the range of uncertainty of the hazard
from a particular exposure make accurate assess-
ment impossible.

In developing an alternative to the absolute type
of assessment, we are facing some different ques-
tions because the method is new. What problems
can be addressed with this approach? How well
will this concept be accepted? How good a predic-
tor is the method? These questions are being asked
by those attempting to use the relative potency
concept in real-world situations. The advantage of
this approach is that it elucidates simple, intuitive
relationships between chemical agents and does
not obscure the comparisons of measured effects
with unnecessary use of complex mathematical
models.

The illustration on the next page depicts the two
approaches to estimating the hazard associated
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with a new or untested chemical. The absolute as-
sessment path (left) relies on complex extrapola-
tion models applied to a small subset of the avail-
able test data. Time-consuming deliberation by
expert committees may still assign the test chemi-
cal to the wrong *“‘neighborhood” of hazardous
substances. The relative hazard assessment path
(right) evaluates all available (usually laboratory
animal and cell culture) test data and minimizes
the use of extrapolation models based on untest-
able assumptions. When its toxicity is then com-
pared to the hazards associated with commonly
encountered substances, the test chemical can be
assigned to a “neighborhood” of reasonably
equivalent hazards.

The U.S. Air Force Installation Restoration
Program requires that inactive hazardous material
disposal sites on Department of Defense (DOD)
property be identified, evaluated, and ranked
according to their potential adverse effects on
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human health and the
environment. Because of
the large number of sites,
it is necessary to prioritize
them for investigative
studies and actual cleanup.
Extensive collaboration
between the Environ-
mental Sciences Division
and HASRD resulted in
the development of the
“Defense Priority Model,”
which makes use of site-
specific monitoring data,
toxicological benchmarks,
and bioaccumulation fac-
tors to score each site on a
systematic basis. The
human health hazard
analysis built on the ear-
lier experience of the
Fossil Energy Technology
Environmental
Program, which had
developed some
rudimentary concepts.

More than 200 hazard-
ous chemicals and mix-
tures in their inactive
disposal sites were identi-
fied by the Air Force as
needing evaluation. Be-
cause regulatory or guid-
ance criteria were avail-
able for only about 50 of the compounds, we rec-
ognized the need to “validate” the relative potency
approach in some way to give the sponsor confi-
dence in our evaluations of the additional 150
compounds. We developed a defensible set of
data-comparison rules, called the Rapid Screening
of Hazard (RASH) method and used it to evaluate
more than 250 materials. During this process, we
identified certain data gaps and refined the com-
parison rules into a flexible chemical scoring
system.

Initially, we scored the potencies of the various
chemicals and mixtures by comparing them to the

potency of benzo(a)pyrene [B(a)P], a polynuclear
aromatic hydrocarbon found in coke oven emis-
sions. Then, where possible, we compared our
rankings with the determinations derived by com-
mittees of experts, such as EPA’s Carcinogen
Assessment Group and the American Conference
of Governmental Industrial Hygienists. Our pre-
dictions using the RASH method were found to
agree with those developed by expert committees
(using the absolute method) and were consistent
with the degree of variability observed for inter-
committee comparisons. Based on our results, the
fundamental concepts of relative potency have
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been well received by DOD, as demonstrated by
their decision to incorporate the RASH method
(as developed by Jones et al.) in their DOD site
restoration effort.

A relative-potency framework can also be use-
ful in research. It was recently helpful in address-
ing a very important question in toxicology: Can
short-term tests be predictive of long-term carcino-
gen bioassays? Larry R. Glass, a doctoral student
from the University of Texas Health Science
Center at Houston, joined our group's effort to
investigate this.

One of his main concerns was the problem
of chemical mixtures. No current data base or the-
ory allows toxicity predictions for a mixture of
chemicals. Thus, regulation of mixtures must be
based on either chemical analysis, which assumes
that chemicals do not interact, or biotesting, which
requires the use of long-term bioassays. However,
the prohibitively high costs of long-term bioassays
for the many chemical mixtures present at waste
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and effluent sites encourages the use of less-ex-
pensive short-term bioassays. Despite attempts by
many eminent biologists and toxicologists, no one
has suggested a satisfactory method for interpret-
ing data from short-term bioassays in the context
of long-term health effects for mixtures.

However, Glass has determined that a modifica-
tion of RASH might serve this purpose, deriving a
data set that may be used to systematically investi-
gate the relationships between long- and short-
term bioassays. His results suggest that a battery
of short-term tests may provide useful information
for health-hazard ranking. There are unanswered
questions, such as how to identify the “best”
battery of bioassays, but these are encouraging
results.

Destruction of the nation’s stockpiles of
obsolete chemical weapons by incineration is
scheduled for completion in 1994. These weapons
contain the blister agent sulfur mustard—a
recognized carcinogen that was first used as an

189




190

HEALTH AND SAFETY RESEARCH

antipersonnel agent near Ypres on the Belgian
front in 1917. Because of its status as a warfare
agent, sulfur mustard has not been widely evalu-
ated in standard laboratory testing systems. Never-
theless, the Department of the Army needed an es-
timate of the additional cancer risk posed to the
surrounding population from operation of the
proposed mustard agent incinerator.

Using a modified form of the RASH approach,
Watson compared laboratory test data for sulfur
mustard with toxicity data for numerous reference
compounds and elements. She found that the abil-
ity of sulfur mustard (identified as H/HD in the
figure on p. 189) to produce cancerous tumors
nearly matched the tumorigenic potential of
B(a)P. Other well-known carcinogens were ranked
as less potent (e.g., benzene and cigarette smoke
condensate) or more potent (€.g., chromium VI)
than B(a)P.

This finding allowed Watson to calculate an
estimate of excess lifetime cancer risk posed by
hypothetical incinerator releases of sulfur mustard.
These results were used by the Centers for Disease
Control (U.S. Department of Health and Human
Services) in developing recommendations on
long-term exposure to low doses of chemical war-
fare agents that were published in the Federal
Register of December 1987.

A recent application of the RASH approach has
been the preparation of a toxic hazard ranking for
the proposed upgrade of aboveground tank storage
of hazardous materials at ORNL (the ORNL Tank
Compliance Program). The tanks in question con-
tain a variety of chemicals, some of which are
well-characterized (e.g., sulfuric acid) and some of
whose toxicities are unknown (e.g., dyes). In col-
laboration with staff of the Operations Division
and the Environmental and Health Protection
Division, we have prepared relative potency
scores for 33 individual compounds and 22 mix-
tures. By integrating these data, we identified the
tanks that pose the greatest risk to the environment
and ranked them according to need for remedial
actions.

Developing and applying novel methods for
health hazard assessment has been a major

emphasis of our HE&E Group. Staff members are
working to improve the quality of assessment
methods by (1) systematically adapting the scienc
of toxicology and hazard assessment to address
practical needs of establishing regulatory standard
and control actions, (2) questioning widely
accepted assumptions, and (3) reducing depend-
ence on mathematical models that cannot be testec
Because “necessity is the mother of invention,” it
not surprising that the need to solve practical prob
lems related tc  zalth assessment has motivated us
to be innovative. Our relative potency approach hz
been successful in solving practical problems at
ORNL and other agencies, helping to set priorities
for allocating scarce resources, identifying rela-
tively underregulated or overregulated chemicals,
and providing tools to enhar~e ~vperimental desig
in basic research projects.

Annetta Watson is a research staff member in
the Health Effects and Epidemiology Group of
the Health and Safety Research Division. She
became an employee in 1977 after completion o
her thesis research as an ORAU Radiation
Science and Protection Fellow; she has a Ph.D.
degree from the University of Kentucky.

Troyce Jones, a research staff member of
HASRD’s Health Effects and Epidemiology
Group, came to ORNL in 1963 from the
Missouri Sch  of Mines and Metallurgy. He
served on the Pennsylvania Governor’s Blue
Ribbon Advisory Panel for Health Research
Studies and t: es part in NATO sessions in
support of the U.S. Defense Nuclear Agency.

Clay Easterly, leader of the Health Effects and
Epidemiology Group, has worked at ORNL
since 1973. He was awarded an AEC Special
Fellowship in Health Physics to perform under-
graduate work at the University of Tennessee,
where he earned his Ph.D. degree.

Bruce Owen is a senior laboratory technician in
the Health Effects and Epidemiology Group
and has worked at ORNL since 1980. He has a
B.A. degree in microbiology from the Universit)
of Tennessee, is a state-licensed clinical microbi:
ologist, and v  soon receive a master’s

degree in puk  health from the University of
Tennessee.
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Interspecies Extrapolation

for Risk Assessment

By Curtis C. Travis

n assessing human cancer risk from

chemical exposures, a fundamental prob-

lem is how to extrapolate experimental

results from animal species to humans.
Detailed information on interspecific differences is
lacking in many cases, so it is frequently assumed
that results can be extrapolated on the basis of ad-
ministered chemical dosage or exposure, standard-
ized as either milligrams per kilogram of body
weight per day (body-weight scaling) or milligrams
per square meter per day (surface-area scaling).
Neither of these extrapolation procedures is exactly
correct, and when available, species-specific data
should be used in risk assessment.

As we learn more about body systems and con-
struct reasonably realistic pharmacokinetic models
for describing bodily absorption, distribution, me-
tabolism, and excretion of chemicals, we have more
scientifically defensible justification for interspe-
cies scaling. Biologically based models have been
developed to provide a fairly accurate description
of the pharmacokinetics of some parent compounds
and metabolites in mice, rats, and humans (see
p. 193). The controlling parameters in any given
species are physiological (e.g., breathing rates,
blood flow rates, blood volumes, tissue volumes),
biochemical (partition coefficients), and metabolic.
Because these parameters can be extrapolated
across species, we believe the experimental risk
data for chemical exposures can also be extrapo-
lated.

It is generally agreed that the proper measure of
dose to target tissue is the average tissue concentra-
tion of the toxic moiety, as measured by a mathe-
matical entity known as area under the curve
(AUC). Thus, the question of interspecies extrapo-
lation of pharmacokinetics reduces to, “Is it pos-
sible to choose a measure of administered dose
such that the AUC of the toxic moiety is the same
in all species?” The following discussion illustrates
how we derive an interspecies extrapolation rule for
reactive metabolites that answers this question.

A reactive metabolite is a short-lived by-product
of the metabolic process that interacts with the
cellular constituents. The three figures here show
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This schematic
showing routes
by which humans
can be exposed
to radioactivity
was taken from
Kaye's 1979
presentation to a
visiting delegation
of scientists from
the People's
Republic of
China.
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Predictin : Radionuclide
Transport in the

Environment

By Stephen V. Kaye

umans have always been exposed to
radiation in the environment. Cosmic
rays, volcanic gases, mineral deposits,
and probably some radon gas in the
first cave dwellings are some of the natural
sources of environmental radiation exposure. But
only during the last three or four decades have we
humans become concerned about the health effects
of radiation exposure and with learning how to
track, measure, and monitor radioactivity in the
environment.
In the late 1950s and early 1960s, ORNL’s
first ecologists conducted pioneering research in
radioecology that has proven quite valuable for
human health protection. They used a new tool,
the radioisotopic “tag,” for determining the loca-
tions and migrations of various elements in the en-
vironment. A tag is a radioactive isotope deposited
in the environment as a by-product of nuclear test-
ing or injected experimentally into components of
the environment. By using a radiation detector,

Exposure pathways to man
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ecologists can trace the migration (cycling) of the
“radiotracer” " >ugh the environment (e.g., by
food chain transfers, decomposition, leaching, and
wind dispersion) and determine its final fate. In
recent years, ( NL researchers have used the
technique to monitor radionuclides released from
waste sites into the environment. They have col-
lected data on radionuclide concentrations in hu-
man exposure pathways that permit realistic esti-
mates of the dangers these pose to the surrounding
human population.

The ORNL teamn involved in this pioneering
field work was headed by Stan Auerbach and
included Jerry Olson, Martin Witkamp, Dan
Nelson, Dac Crossley, Paul Dunaway, and me.
Our work led to a better understanding of radioac-
tivity transfer and provided some of the first data
for constructing the mathematical models now
used to predic dioactivity concentrations in
various “compartments” of complex aquatic and
terrestrial ecosystems.

Gaseous effiuents

In 1966, a challenge of
international scope was
presented to our group by
the U.S. Atomic Energy
Commission’s Plowshare

=
\ \\\\)/' . .
idefigerts Project: to develop a new

~— modeling methodology for
. predicting radiation doses
T s to the public following the
release and movement of
% radioactivity along environ-
Aquatic food ingestion mental pathways. This
information was needed
because the AEC was con-
sidering the use of nuclear
detonations to excavate
large land masses (e.g., a
new canal through the

~
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indoor air in a large number of homes. By opti-
mizing our previously developed PNA monitoring
methods, we were able to include NAs in the list
of pollutants that could be measured in indoor
field studies. Our data clearly show how the in-
door air levels of PNAs increase in direct propor-
tion to the number of cigarettes smoked there.

One major challenge was to develop low-cost
methods for measuring the low airborne levels of
formaldehyde, which is produced by some con-
struction and consumer products. >m Matthews
developed several methods to address this prob-
lem. The simplest of his quick-screening methods,
which directly compared a chemically developed
reagent with a color chart, made the cover of the
Air Pollution Control Association Journal.

Our team also became one of the leading U.S.
research groups in measuring levels of radon in
homes. We are working to understand the trans-
port between the major sources of this radioactive
gas (the soil and rock underlying the house) and
the interior of homes and to determine the best
“mitigation measures” to reduce the indoor levels
of radon and its hazardous by-products.

We are now using ORNL instruments and new
techniques to characterize hazardous waste and
in, vethemoni ° cap:” " s of bioindica-
tors. We think the use of surface-enhanced Raman
spectroscopy (SERS) holds considerable promise
in both areas. With support from the Laboratory

Director’s R&D Fund, we are developing a port-
able SERS fiberscope for remote monitoring of
toxic organic solvents and pesticides in ground-
water at parts-per-billion concentrations.

Our research on the use of biology-based moni-
toring is beginning to pay off. A new instrument in
this area is the fiberoptics fluoroimmunosensor
(FIS), which incorporates fiber optics, antibodies,
and laser spectroscopy. Antibodies, which bind
antigens in the sample (e.g., a body fluid), are
attached to the end of an optical fiber through
which a laser beam excites the antigen and the
emitted light is returned for detection. FIS, which
was developed by Vo-Dinh and co-workers, re-
ceived an I+R 100 award in 1987. With support
from the Director’s R&D Fund, we plan to also
contribute to the national biomedical research
initiative on the human genome.

Developing instrumentation and monitoring
methods to help assess the human health impacts
of energy-related chemical pollutants is a major
HASRD achievement. We intend to continue
making important contribntions to biomedical and
environmental research.

Alan Hawthorne, who holds a Ph.D. degree in
nuclear engineering from North Carolina State
University, has been at ORNL since 1976. A
member of the Health and Safety Research Di-
vision, he became group leader of the Measure-
ment Applicat ns Group in 1982 and head of
the Health Studies Section in 1987.
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Field Study Motto:

Be Prepared

By Barry Berven and Craig Little

rriving on a sunny, brisk morning

at the cemetery in Durango,

Colorado, our survey technicians

quickly dispersed among the
headstones and monuments. Soon a surveyor
yelled that his meter was going off-scale, and
the team quickly assembled around him. We
had discovered another site contaminated with
low-level radioactive material (in this case,
uranium mill tailings), but the site occupants
here would not experience any increased health
risk.

Our field studies measuring chemical and
radiological contaminants can lead to some
unusual places, often under peculiar circum-
stances; hence, one of our basic rules
is to be flexible and well prepared.

ORNL has historically
been the lead national
laboratory for assessing environmental con-
taminants and their impact on human health in
the United States. During the past ten years,
much of our effort has focused on the Department
of Energy’s remedial action programs, such as the
Uranium Mill Tailings Remedial Action Project
(UMTRAP), Formerly Utilized Sites Remedial
Action Project (FUSRAP), and the Surplus Facili-
ties Management Project (SFMP). Recently, major
new initiatives have begun in characterization and
remediation of chemical contaminants at DOE and
Department of Defense (DOD) sites. ORNL’s
Health and Safety Research Division (HASRD)
has developed capabilities to identify and quantify
virtually any radiological or chemical contaminant,
using state-of-the-art field survey techniques. The
survey team in the Durango cemetery was a part of
this effort.

Field investigations are discovery processes;
usually the contaminant, its location, and the quan-
tity are unknown. Like a good book, although the
end is satisfying, the doing is all the fun, and com-
mon sense is a field investigator’s greatest asset.
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Remedial action site survey teams face
bad weather, equipment breakdowns,
and (sometimes) irate property owners
with adaptability and good humor.

A memoer o1 a
survey team
measures
subsurface
conductivity to
locate buried
metal waste
drums.

Before any work begins, the first question is
always “What is the survey’s purpose?” Explora-
tory surveys determine if contaminants are pres-
ent, and site-characterization surveys determine
the magnitude and extent of contamination. Some-
times we are trying to confirm the absence of
contaminants (e.g., to determine the adequacy of
remediative measures).

The first step in any field investigation is to
gather as much historical information about the
site as possible (see figure). Knowing the proc-
esses and materials used at a site often identifies
the most likely contaminants and their location.
Although helpful, information from earlier surveys
may be inadequate and must be used cautiously.

The single most important aspect of these field
investigations is the survey plan outlining the
work to be performed. The data we gather in a
survey from instrument measurements and sample
analysis must have an accuracy and confidence
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Fleia surveys are
well-planned
discovery
processes.
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SITE DATA
Historical Information

Prior Surveys

_’ ESTABLISH NEED _’
Maps/Diagrams FOR SURVEY

SITE VISIT *

APPLICABLE GUIDELINES

AND REGULATIONS ' PREPARATION FOR . SURVEY

PLAN

SITE SURVEY
BACKGROUND LEVELS *
SITE SURVEY
APPLICABLE MODELS *
FOR ESTIMATING SURVEY
HUMAN EXPOSURE | ==  evaLuation =P

RISK ESTIMATES

lines limit contaminant con-
centrations in terms of
picocuries per gram of soil,
then soil concentration be-
comes the primary focus of

RECOMMENDATIC the survey. Several exposure
FOR SITE .
EVALUATION pathways may be examined,

such as inhalation (measure-
ments of air-suspended con-
tamination) or ingestion
(measurements of contami-
nants in water, vegetables,
milk, or meat). Instrumenta-
tion and sampling protocols
are selected to suit the path-

SURVEY REPORT ways be!ng mvestlgatgd.
AND Planning must also include
RECOMMENDATION
FOR NEED OF SITE measures to ensure the health
REMEDIATION and safety of survey person-

level that will satisfy guidelines and regulatory
limits for the contaminants we are interested in
finding. The type of instrumentation used, the
amount of in situ monitoring vs destructive sam-
pling, and laboratory procedures must be selected
to ensure that the accuracy level can be met. Often
guidelines or regulations are expressed as concen-
tration limits (maximum acceptable value) of
contaminants in various media (e.g.. picocurie of
radionuclide per gram of soil, parts of contaminant
per million parts of water, etc.). Standards are
sometimes set at levels below the reliability of
portable monitoring instruments, especially for
most chemical contaminants. In these cases, we
rely on collecting environmental samples that are
processed in analytical laboratories.

In the planning process. it is also important to
know the naturally occurring background concen-
tration of a contaminant. Knowing the ambient
level will help the surveyor select instruments or
sampling processes that can adequately measure
the naturally occurring levels and will enable the
surveyor to correct his contaminant measurements
by subtracting the background values.

Once the contaminant of concern is identified,
we must investigate its pathways for potential
human exposure. These are often specified by
guidelines or regulations. For example, if guide-

nel and to maintain quality as-

surance and quality control. Safety of survey per-
sonnel is always foremost. Our staff members are
trained to understand the actions and protective
gear required in contaminated (possibly lethal) en-
vironments and the pathways of potential exposure
and health risks from various levels of these expo-
sures. Because most sites have only low levels of
contamination, our primary focus is on measures
to prevent chronic exposures, but unexpectedly
high levels may be found. Team members must be
trained to handle these rare potentially life-threat-
ening situations.

If we cannot document that we have performed
a survey in a reliable and reproducible manner, the
survey team'’s credibility is lost, and the value of
the work is questionable. ORNL surveyors take
pride in the quality of their careful documentation
of procedures, survey activities, and analytical
results. Quality control is maintained by frequent
review and independent audits of these activities.

Cost estimation and the commitment of re-
sources required to perform the survey constitute
the final aspect of planning. Resources will in-
clude staff, equipment, materials. supplies, travel,
analytical needs, and documentation and reporting
costs. We must also make a realistic estimate of
the time needed to perform the survey and report
the results.

Oak Ridge National Laboratory REVIEW




Once the survey is well planned, the rest is easy,
right? Wrong. Executing the plan is where theory
meets reality. Picture yourself arriving on a survey
site with a crew of dedicated, well-trained techni-
cians and a handful of survey plans—only to find
yourself in the middle of a snake-infested desert in
Arizona, a slum in New Jersey,
or a Florida swamp during a
torrential downpour!

At any survey site, the first
step is to meet with local offi-
cials, property owners, environ-
mental agencies, and, occasion-
ally, the media to introduce our
organization and explain what
we intend to accomplish. We try
to assure the community of our
commitment to performing a
high-quality survey. Next, the
survey team must establish or
review a previously established
grid system defining the area
to be surveyed. We use this
to select locations where
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measurements and samples are taken and to relo-
cate areas of concern, if necessary.

Once the grid has been established, the survey
plan is carried out. This may mean drilling
groundwater monitoring wells to sample for
chemical contaminants at an Air Force base in
Texas, collecting aquatic biota (pond slime and
fish) to measure radionuclide contaminant levels
in effluent from a nuclear power plant, or monitor-
ing and sampling volatile organic compounds in
soil from a fuel spill at a DOE facility.

The survey itself is the most exciting part of this
business. Rarely does it go according to plan;
unexpected circumstances call for creative prob-
lem solving in the field. Sometimes the complica-
tions experienced are ordinary: a survey is care-
fully planned, six months in advance. The materi-
als, instruments, supplies, and staff all arrive on a
perfectly executed time schedule. The survey team
arrives on-site, and suddenly the worst weather in
recent history occurs! The mud in the field is so
sloppy or the snow so deep that the team can’t
even walk, much less drive a drill rig or survey
vehicle on-site. The only consolation comes from
local residents, who report that last week was
worse.

Problems often arise just because of the nature
of our work. The purpose of the survey is to find
contamination, and a frequent surprise is finding

U VU] ocanio
learn to expect
the unexpected,
such as this
sudden change in
the weather at an
Air Force base in
Utah.

Interested home-
owners some-
times participate
in our surveys.
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oupsurrace
drilling is some-
times required for
sample collection,
as at this jet fuel
spill site.
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more or less of a contaminant than we expected or
finding it in an unanticipated spot. Having set up
on a site, the team discovers that the contamina-
tion is a half mile down the road; faulty historical
records or contaminant migration are to blame.

Owners of the properties we survey present
their own challenges. Survey teams have on occa-
sion been met by property owners who invited
them in for tea and by others who brandished
shotguns. Surveys have also been performed late
at night to accommodate commercial owners con-
cerned about public relations. Re wurant proprie-
tors seem to be particularly sensitive.

One of the more unusual problems we’ve en-
countered was at a site near the Oak Ridge Y-12
Plant. We were completing a ground-surface sur-
vey for possible depleted uranium deposits near
some office trailers, when one of our technicians
observed an increased radiation level near the
sidewalk. After following it for a short distance,
he noticed that the level dropped. A short distance
farther down the sidewalk, the level increased
again. Standing still for a moment, he saw the
level again decrease. Clearly, a radiation source

was present but apparently it was moving! An-
other technician resurveying a nearby area that
was earlier found clear of any contamination sud-
denly observe :levated radiation levels. After
some head sc  ching, the survey technicians
tracked down the source of the radioactive mate-
rial—a man inside one of the trailers who had
received radioactive iodine earlier in the week
during a thyroid function test. Within a few days,
the iodine decayed and the man was no longer a
source. (Interestingly, the man’s secretary was
advised to move to a separate office during the
intervening period.)

Surveys have inherent human-error problems
such as mistakes in sample labeling and failure
to collect enough samples or make enough
measurements. It is difficult to resurrect missing
data, samples, or measurements from a survey
conducted 1000 miles away once you are back at
ORNL. Survey teams also run out of supplies,
wish they had packed a different instrument, or
have to readjust their time schedules sometimes
because of unforeseen situations.

At the end of the survey, it’s time to
think about how to explain the survey
findingsto ~ spon g agency. The
purpose of the survey report is to
clearly and succinctly explain the re-
sults and significance of the field in-
vestigation. This is done by clearly
defining the purpose of the investiga-
tion, relating some of the site history,
and presenting the data in well-organ-
ized tables and figures. The easiest
situations to explain are those in which
the :is either grossly contaminated
or clear of all contaminants. Con-
versely, the most difficult situations to
explain are those where contaminant
levels are close to the guidelines. Such
marginal contamination requires addi-
tion samples and measurements to
dete iine the need for remediation.
Thousands of taxpayer dollars are in
the balance.
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Interpretation of survey data is often difficult
because of conflicting and confusing information.
For example, while a survey team was on a site in
Kansas, the contaminant trichloroethylene (TCE)
was found in the groundwater. In attempting to
determine where it was going and how fast, scien-
tists placed and sampled monitoring wells several
hundred yards down gradient from the primary
contaminant area. Very little TCE was found, but
a lot of vinyl chloride was present, a fact not indi-
cated by the historical record. After some investi-
gation, it became clear that microbial agents were
degrading the TCE into vinyl chloride through
several intermediate stages.

On another site in New Jersey, the survey fo-
cused on radioactive thorium, a by-product from
processing monozite sands for rare-earth elements.
No significant levels of thorium were found, but
high levels of radium contamination from another
area had migrated onto the site under investiga-
tion. Detailed chemical analysis demonstrated that
the contaminant was unrelated to government-con-
tracted activities and would have to be considered
for cleanup under remedial action programs other
than those we represented.

A part of every survey report is a risk analysis
to determine potential exposures and risks to hu-
mans. This can be as straightforward as determin-
ing the direct gamma radiation exposure to a per-
son frequenting a contaminated site or as complex
as modeling the transport of a chemical contami-
nant through its physical and chemical changes in
a subterranean environment. All potential path-
ways for human exposure are examined, and the
most realistic for the particular site are targeted.
Models using computer codes are frequently em-
ployed to simulate the movement of contaminants
through water, soil, and/or air. Using our survey
measurements, the models can derive estimates of
chronic and acute exposure to human occupants of
the site. Estimated exposures are either compared
with existing guidelines, or a risk assessment is
done. Often the risk to humans from various
chemical and physical agents is poorly under-
stood, or the assessment has been based on
exposure to a single agent, while a multitude of
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chemicals having compounding effects may be
present at the site. Most available risk data are
based on animal studies that may or may not be
applicable to humans.

During the reporting process, we realize the
value of a well-conceived survey plan and an
excellent quality assurance program in defending
the conclusions and recommendations for reme-
diative measures at a site. A carefully planned and
executed survey deserves a well-written, defen-
sible report. Most people involved in making
remediation decisions do not visit the sites and
never see the effort put forth in site preparation
and sample collection or the care used in taking
measurements among the weeds, dirt, and muck.
Decisions on the disposition of a site are based on
the data and their presentation in the report and on
the defensibility of the interpretation used to reach
conclusions and recommendations.

Investigating radiological and chemical con-
taminants at a site is a complex process that re-
quires a multidisiplinary approach from a close-
working team of professionals. Staff training and
education are important requirements, but dedica-
tion and experience are equally necessary. As in
most endeavors, the survey and assessment are
only as good as the people performing the work.

As for the Durango cemetery, because we
believed the current site occupants were at no
additional risk from exposure to uranium mill
tailings, the ORNL team recommended to DOE
that no remedial action be taken, and our surveyv,
like the site occupants, was laid to rest.

Barry Berven is head of the Environmental
Measurements and Applications Section of
ORNL’s Health and Safety Research Division.
He came to ORNL in 1979 after receiving a
Ph.D. degree in health physics from Colorado
State University.

Craig Little is leader of HASRD’s Pollutant
Assessments Group and manager of ORNL’s
Grand Junction Office in Colorado. He came
to ORNL in 1976 after obtaining his Ph.D.
degree in radioecology from Colorado State
University.

Investigating
radiological
and chemical
contaminants
at a site is

a complex
process that
requires a
multi-
disciplinary
approach
froma
close-working
team of
professionals.
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genetic toxicology data are now available for 4000
chemicals.

The HSDB and Gene-Tox are used as resources
by IR&A staff in preparing assessment reports for
EPA, the Department of Defense, and several state
governments as well as in the development of a
Materials Safety Data Sheet (MSDS) Data Base
for Martin Marietta Energy Systems, Inc. The
MSDS data base is used to notify employees of
the Oak Ridge, Paducah, and Portsmouth facilities
of potentially hazardous materials in the
workplace. Hazard notification is a requirement of
the Occupational Safety and He 1 Administra-
tion Hazard Communication St:  ard of 1980.
Energy Systems, however, has elected to comply
with the spirit as well as the letter of the law by
using our validated data to complete and
enhance information received from chemical
manufacturers.

The emergence of the IR&A Section at ORNL
as a national center for high-quality toxicology
data resources and data assessment has added a
vital component to the HASRD’s strong capabili-
ties in hazard assessment and exposure-dose
modeling.

Measurement and remediation are key terms in
the current era of seemingly endless disclosures
about contaminated sites and facilities. With the
passage and continuing revision of environmental
legislation such as the Resource Conservation and
Recovery Act (RCRA); Comprehensive Environ-
mental Response, Compensation, and Liability
Act (CERCLA); Toxic Substances Control Act
(TSCA); Clean Air Act (CAA); »erfund,
Amendments, and Reauthorization Act (SARA);
and Clean Water Act (CWA), regulatory pressure
has intensified for industry and f government
agencies that were previously exempt, for national
security reasons, from liability for environmental
pollution. The Department of Energy (DOE) and
the Department of Defense (DOD) are two such
agencies. Today, both agencies have extensive
programs under way to identify and clean up sites
and facilities contaminated with either radioactive
or chemical pollutants.

An Information Management System (IMS) is
being developed in support of DOE’s Human
Genome Initiative by the IR& A Section. This
information system will serve as the primary
means of facilitating communication and informa-
tion exchange among researchers, contractors, and
grantees working on DOE’s Human Genome
Initiative. The IMS will also serve as an
information outlet to other scientists interested in
keeping abreast of developments regarding re-
search on the human genome. During the current
fiscal year, three tasks have been identified for
implementation as the first part of the overall
IMS development. These are: (1) publishing a
quarterly newsletter, (2) setting up an electronic
bulletin board, and (3) publishing two technical
reports.

The IR& A Section also has been actively in-
volved in work related to identification and reme-
diation of environmental contamination since the
early 1970s. Our initial efforts helped develop a
transuranic elements data base for the DOE
Nevada Applied Ecology Group (NAEG) at the
Nevada Test Site. Since the completion of the
NAEG mission, we have focused on (1) assessing
data on the worldwide fallout of plutonium to
determine reliable background levels and (2) fur-
nishing support to the DOE and ORNL Remedial
Action Programs.

The IR&A Remedial Action Program Informa-
tion Center provides information on the scientific,
technological, regulatory, and economic aspects of
cleaning up contaminated DOE sites and facilities.
The Center supports all five subcomponents of the
Remedial Action Program (RAP): Surplus Facili-
ties, Formerly Utilized Sites, Uranium Mill Tail-
ings, Grand Junction, and the Technical Measure-
ments Center. On the local level, the Center assists
ORNL'’s remedial actions through the develop-
ment of internal data bases.

IR&A staff ve also collaborated extensively
with the Environmental Measurements and Appli-
cations Section within HASRD in measuring lev-
els of contamination, analyzing the data, and rec-
ommending remedial actions at sites associated
with the five RAP subcomponents as well as the
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Oak Ridge facilities. Additionally, we have pro-
vided assistance in developing a computer-assisted
program to allow data displays along with dia-
grams of the facilities.

We also developed a comprehensive informa-
tion system for DOE’s Fossil Energy Program
(FEP) to track both management and technical
data over the life of the program. Through close
collaboration with FEP researchers and adminis-
trators, the IR&A staff developed the Fossil En-
ergy Environment, Health, and Safety Information
System to capture emissions data at plant sites
and, thereby, document any instances in which
legal environmental limits are exceeded. The sys-
tem will also be of value to researchers in DOE’s
Clean Coal Program who assess environmental
releases and develop technologies for reducing
them.

DOD environmental concerns range from indi-
vidual exposure to toxic materials in the line of
duty to environmental effects of waste streams
from munitions production plants. The exposure
of individuals to hazardous substances has been
studied by IR&A staff principally in the context of
confined spaces such as bunkers and tank com-
partments. Data on chemical concentrations and
biological effects, principally in animals, are
evaluated and analyzed at ORNL to provide the
best prediction of potential adverse health effects
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on humans. In a project undertaken in collabora-
tion with the Analytical Chemistry Division, we
are studying improved methods of exposing test
animals to combustion products from weapons
discharges.

Environmental work for DOD has consisted of
analyzing data on the concentrations of chemicals
in waste streams to determine potential routes and
levels of exposure for living organisms. These
data are then compared with available information
on adverse biological effects to quantify potential
problems and determine the extent of remediation
required.

In summary, the problems of hazardous sub-
stances in the environment are long-term and
of national importance. The data acquisition,
evaluation, and analysis capabilities of the [R&A
staff will continue to be available to concerned
government asencies to help them make informed
decisions

J. Tim Ensminger, was formerly head of the
Information Research and Analysis Section of
the Health and Safety Research Division, the
ORNL Data Management Coordinator,
ORNL’s representative to the Energy Systems
Information Resource Managers Committee,
and ORNL’s liaison to the Numerical Data Ad-
visory Board of the National Research Council.
He began work at ORNL in 1975; he has
recently moved to the Energy Division’s
Integrated Analysis and Assessment Section.
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I ne osmium-191/
iridium-191m
generator system
in the foreground
was developed at
ORNL and is
being used in
patient studies in
conjunction with
investigators from
the Cyclotron
Research
Centers,
University of
Leige, Belgium, to
diagnose and
evaluate diseases
of the heart.
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Nuclear Medicine
Research at ORNL

By Russ Knapp, Kathleen Ambrose, Al Callahan, Dan McPherso and Prem Srivastava

rom the earliest days at ORNL, an
important peaceful application of nu-
clear technology has been the produc-
tion of radionuclides for biomedical
research and the development and distribution of
radiolabeled substances for clinical diagnosis and
therapy. In fact, the Atomic Energy Act of 1949
specifically earmarked funding for these nuclear
medicine applications. The first nuclear medicine
procedures, developed in the 1940s and 1950s,
used radioactive iodine to evaluate thyroid func-
tion. From this simple beginning has evolved a
wide variety of procedures that use complex “ra-
diopharmaceuticals” to diagnose and evaluate dis-
eases of the heart, brain, and other major organs.
In biomedical research, radioisotopes serve as
unique and powerful tools to monitor the bio-
chemical transformation of natural body compo-
nents. Radiolabeled compounds are also widely
used to evaluate the metabolism of drugs, pollut-

ants, and other substances and to monitor both
organ anatomy and function. Following the inhala-
tion or intrave us administration of a radiophar-
maceutical, it is distributed by the body’s circula-
tory system. The isotope-carrying molecule must
be carefully chosen, and sometimes specially
designed, so that it will have a particular affinity
for the organ or body system that is of interest to
the physician. When this is true, the isotope will
concentrate in that area sufficiently to be detected
with a “gamma camera” or other imaging device
(see photo). Because the use of radiopharmaceuti-
cals is noninvasive and the dosage required to
produce an image is extremely low, the technique
poses little discomfort or danger to the patient.

ORNL’s current Nuclear Medicine Group was
formed in 1975, after the Biomedical Radioisotope
Program was transferred from the Isotopes Divi-
sion to the Operations Division. In 1977, the group
was moved to the newly formed Health and Safety
Research Division. Our radiopharmaceutical de-
sign work began when an external committee of
nuclear medicine experts advised ORNL to sup-
plement its medical isotopes production work with
radiochemical design and development research,
including animal testing of the designed reagents.
The advisers also recommended that ORNL in-
volve other research organizations in the testing of
new medical imaging agents developed at ORNL.
These goals arc  zing met today in the work of the
Nuclear Medicine Group.

During the past ten y: our group has focused
primarily on the development of new radiophar-
maceuticals for imaging the heart and brain and
for tumor detection. A development that has gen-
erated widespread interest and recognition in the
research, clinical, and commercial sectors is the
concept of “metabolic trapping” of radioiodinated
fatty acids for heart  aging (see ORNL Review,
No. 4, 1984). Our ORNL agent developed using
this concept is being further developed by Japan’s
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principal radiopharmaceutical company, Nihon-
Medi Physics, for cardiology applications.
Mallinckrodt, a U.S. radiopharmaceutical manu-
facturer, has developed our concept further to
make its own imaging agent.

In 1983, we began the development of a new
osmium-191/iridium-191m radionuclide generator
system, which provides a high yield of iridium-
191m for clinical use. This isotope has a 4.9-s
half-life, which is in the ideal time range for its
use in cardiac studies. The new system has been
used successfully in evaluating heart performance
in more than 600 patients at European hospitals.
We have applied for approval
to begin using the agent for
U.S. patient studies at a Cali-
fornia hospital later this year
(see ORNL Review, No. 1,

1988). Martin Marietta En-
ergy Systems, Inc., is cur-
rently negotiating with a ma-
jor U.S. radiopharmaceutical
company interested in manu-
facturing the new ORNL
generator system,

More recent projects of our
Nuclear Medicine Group
include a new maleimide
reagent for the radioiodination
of antibodies. The use of ra-
diolabeled antibodies for both
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ORNL’s program has produced new agents for diagnosing
heart and brain disease and locating tumors.

the detection and treatment of tumors has
grown rapidly since it was recognized that
tumors produce surface antigens and that ra-
diolabeled antibodies could be used to seek
out those antigens. The ORNL-developed
maleimide compound makes it easier to
attach stabilized radioiodine groups to pro-
tein molecules of the cancer-seeking anti-
bodies that have both therapeutic and diag-
nostic applications (see ORNL Review, No.
1, 1988). The stabilized maleimide form of
radioiodine also remains attached more se-
curely to the antibody than do radioiodine
compounds in other reagents. Thus, the
radioactive isotope will remain at the tumor
site, rather than detaching from the reagent
molecule and exposing the patient’s healthy
tissues—a major problem and health hazard asso-
ciated with most other radioiodination techniques.
Two patents have been granted for this technol-
ogy, a patent waiver is in place, and Martin Mari-
etta Energy Systems, Inc., has signed a licensing
agreement with E. I. du Pont de Nemours &
Company.

In developing therapeutic agents for treatment
of cancer, we have recently developed a new
tungsten-188/rhenium- 188 radionuclide generator
system. The rhenium-188 produced by this system
is useful for antibody radiolabeling and other
therapeutic applications. such as treating bone

vennis Hice, Iet,
and John Allred
process radio-
iostopes in hot
cells for use in
radiopharmaceu-
tical research.

TIWOD Ny
center) heads
ORNL's Nuclear
Medicine Group,
which includes
(from left) P.C.
Srivastava, Dan
McPherson,
Knapp, Kathleen
Ambrose, Al
Callahan, and
Joachim Kropp.
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mapping the endogenous locations and levels of
these biochemicals. Aberrations in the endogenous
levels of these neurotransmitters are known to
occur in many major functional and psychological
disorders.

Several developments of our Nuclear Medicine
Group, such as radiolabeled fatty acids and the
osmium-191/iridium-191m generator, are being
used in clinics both in the United States and
abroad. In addition, some of these agents are being
considered by industry as strong candidates for
further development, marketing, and clinical use.
A prime example is the methyl-branched fatty
acids for the evaluation of heart disease. This
agent has evolved from an ORNL concept,
through our chemical development research,
radiochemistry, animal screening, and more
sophisticated animal model studies to become a
useful radiopharmaceutical for evaluating human
disease. We are continuing to study fatty acids at
ORNL, focusing on the cellular interactions at the
molecular level, including metabolism of these
compounds.

Before ORNL’s new radiopharmaceutical
agents can be used clinically, however, they must
be evaluated in sophisticated animal model sys-
tems developed elsewhere through our collabora-
tions with outside investigators. Through the
medical cooperative programs, we can also test
these agents in clinical studies, combining our
radiochemistry expertise with the knowledge and
experience of medical investigators in fields such
as cardiology, oncology, and immunology. Several
European investigators have provided us an oppor-
tunity to initiate clinical studies using our new im-
aging agents. More recently, we have initiated
joint programs with the Cardiology Department of
Crawford Long Hospital, at Emory University in
Atlanta, and with the Nuclear Medicine Division
of the University of Tennessee Research Hospital
in Knoxville.

ORNL’s Nuclear Medicine Program has en-
joyed strong support from the Department of
Energy in designing and developing improved
radiopharmaceuticals. We expect to continue this
work, while also seeking onnortunities to move
into new areas of interest
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Russ Knapp is leader of the Nuclear Medicine
Group of ORNL’s Health and Safety Research
Division. He received a Ph.D. degree in bio-
chemistry from St. Louis University School of
Medicine and came to ORNL in 1975, after
working as a research biochemist at Rice Uni-
versity in Houston. He is recipient of a HASRD
Technical Achievement Award and a Martin
Marietta Energy Systems Inventor Award. He
is editor of the book Radionuclide Generators—
New Systems for Nuclear Medicine Applications.

Kathleen Ambrose, who received her M.S.
degree in microbiology from the University of
Tennessee, has been a staff member in the Nu-
clear Medicine Group since 1976. She was co-
recipient of an I-R 100 Award, a Martin Mari-
etta Energy Systems Significant Event Award,
and an Energy Systems Publication Award.

Al Callahan, a member of the Nuclear Medi-
cine Group since its inception, has 35 years of
experience in isotope enrichment, reactor op-
eration, radiochemistry, and gamma and X-ray
spectroscopy. He was one of the last operators
at the Graphite Reactor before its decommis-
sioning in 1963.

Dan McPherson, a research staff member of
the Nuclear Medicine Group, did postdoctoral
studies at Brookhaven National Laboratory
and worked at Nova Pharmaceutical Corpora-
tion, before joining ORNL in March 1988. He
received his Ph.D. degree in organic chemistry
from Auburn University.

P. C. Srivastava, who received his Ph.D. degree
in organic-medicinal chemistry from the Cen-
tral Drug Research Institute, Lucknow Univer-
sity, India, has been a Nuclear Medicine Group
staff member since 1981. He previously worked
as head of pharmaceutical chemistry at ICN
Pharmaceuticals in Irvine, California. He is
recipient of the National Research Service
Award for Thrombosis Research, a Martin
Marietta Energy Systems Inventors Award,
and a United Nations Development Distin-
guished Scientist Award.
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