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Preface

This volume, which continues the consideration of possi-
ble relationships between the geographic distribution of
certain elements and patterns of disease, is the second of
a triology, Geochemistry and the Environment, under-
taken by the NAS-NRC Subcommittee on the Geochemical
Environment in Relation to Health and Disease. The
reports of these three workshops, at Asilomar, Capon
Springs, and Captiva Island, are all outgrowths of the
1968 meetings of the American Association for the Ad-
vancement of Science (AAAS) in Dallas, where a few
individuals resolved to further interdisciplinary con-
sideration of ways to prove or disprove causal relation-
ships between chemical elements in the environment and
animal (including human) health. Since this original
meeting, interest in the natural and man-made occurrence
of trace substances in the environment and their possible
effect on health has grown immensely. The Society for
Environmental Geochemistry and Health has been estab-
lished; a NAS-NRC subcommittee for furthering this inter-
disciplinary study has been set up; a number of National
Science Foundation grants and contracts have been made
on trace contaminants under the Research Applied to
National Needs (RANN) program, and several other en-
vironmental and biomedical agencies of the federal gov-
ernment have become interested and have begun furnish-
ing both intramural and extramural support for projects
related to their missions. Several symposia have been
held and papers published, which furnish background
information that may be of interest to the readers of this
volume. These include the following titles:

vii

Cannon, H. L., and D. F. Davidson [eds.]. 1967. Rela-
tion of Geology and Trace Elements to Nutrition. (Sym-
posium held at the Annual Meeting of the Geological
Society of America, New York, 1963.) Geol. Soc. Am.
Spec. Pap. No. 90. 67 pp. (Available at $4.25 from The
Geological Society of America, 3300 Penrose Place,
Boulder, Colorado 80301.)

Cannon, H. L., and H. C. Hopps [eds.]. 1971. Environ-
mental Geochemistry in Health and Disease. (Sym-
posium held at the AAAS meetings, Dallas, 1968.) Geol.
Soc. Am. Mem. No. 123. 230 pp. (Available at $14 from
The Geological Society of America, 3300 Penrose Place,
Boulder, Colorado 80301.)

Hopps, H. C., and H. L. Cannon [eds.]. 1972. Geochem-
ical Environment in Relation to Health and Disease.
(Conference held by the New York Academy of Sciences,
New York, 1971.) Annals of the New York Academy of
Sciences, Vol. 199. 352 pp. (Available at $25 + $0.35
postage from the New York Academy of Sciences, 2 East
63d Street, New York 10021.)

Cannon, H. L., and H. C. Hopps [eds.]. 1972. Geochem-
ical Environment in Relation to Health and Disease.
(Symposium held at the AAAS meetings, Chicago, 1970.)
Geol. Soc. Am. Spec. Pap. No. 140. 77 pp. (Available at
$4.00 from The Geological Society of America, 3300 Pen-
rose Place, Boulder, Colorado 80301.)

Hemphill, D. D. [ed.]. Trace Substances in Environ-
mental Health. (Annual Conferences held by the Univer-
sity of Missouri Environmental Health Center, Colum-
bia.) Vol. I (1967), $4.00; Vol. II (1969), $5.00; Vol. 111
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(1970), $5.00; Vol. IV (1971), $7.50; Vol. V (1972), $10.00;
Vol. VI (1973), $10.00; Vol. VII (1973), $12.50; Vol. VIII
(1974), $15.00; Vol. IX (1975), $18.00. (Available from
Publications Office, 221 Whitten Hall, University of Mis-
souri, Columbia 65201.)

TRACE ELEMENTS

Specialists differ with respect to the definition of trace
elements. In general, geologists and geochemists think of
trace elements as those other than the eight abundant
rock-forming elements found in the earth’s crust (oxygen,
silicon, aluminum, iron, calcium, sodium, potassium, and
magnesium), and mineralogists consider trace elements
to be those nonessential components found in small quan-
tities, ordinarily comprising less than 1 percent of a min-
eral. Most biomedical researchers, however, consider
trace elements to be those that are ordinarily present in
plant or animal tissue in concentrations less than 0.01
percent of the organism. Although most trace elements
are universally recognized as such, some of the abundant
rock-forming elements, such as silicon, are considered
trace elements in biomedical circles. To help avoid mis-

understanding, the term “trace elements” is being used
in the biomedical sense in this series of reports.

In Geochemistry and the Environment, Volumes I and
II, the emphasis is on the health aspects of trace elements
in man’s environment contributed from natural sources.
As in Volume I, certain selected trace elements are dis-
cussed in individual chapters. Except for beryllium,
which possesses a special toxic potential, the elements
discussed in Volume II were selected because of their
possible essentiality to man. Thus, some of the more toxic
(as well as the more necessary) elements made prominent
by man'’s pollution of his environment have not received
major attention by the Subcommittee, because of its con-
centration on the geochemical factors.

In presenting relationships between trace elements
and health and disease, certain aspects of recognized
importance were necessarily omitted because of space
and time limitations. One of these is the special role that
microorganisms play in the movement of the elements
from rocks to soils to plants to animals and humans.
Microorganism populations are as dependent upon soil
composition and the geochemistry of the soils as are
plants and animals. This is an important subject in itself,
which can only be suggested here.
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Introduction and Summary

THE WORKSHOP

The second Workshop of the Subcommittee on the
Geochemical Environment in Relation to Health and
Disease (GERHD) was held at Capon Springs, West Vir-
ginia, from May 6 to 12, 1973. Participants from many
different disciplines were invited in order to attain the
objective: to examine the various ways in which the
geochemical environment may influence the processes of
health and disease in man. The list of trace elements
known to be essential for human health is growing; yet
there is only one example in which a clear cause-and-
effect relationship between a deficiency of an element in
the environment (iodine) and a disease in man (iodine-
deficiency goiter) has been established. This Workshop
did not attempt to establish more examples of such
cause—effect relationships. Instead, its purpose was to
examine the existing knowledge and to identify possible
research approaches through which such relationships
could be established in the future.

To this end, the participants in the Workshop critically
evaluated our present knowledge of eight individual trace
elements that seemed likely to be related to health and
disease. They examined the behavior of these elements in
rocks, soil, and water; their migration through the food
chain to humans; and the biological effects of under- or
overexposure. For some of the elements, the working
groups were able to warn of the potential for over- or
underexposure and to recommend research to clearly
define, and possibly solve, the problems. For other trace

elements this was impossible, as shown by the large gaps
in our knowledge identified by the working groups.

The same is true for the subjects of the plenary ses-
sions. These were difficult and complex, but it is only
through recognition of the immense complexities of prob-
lems such as those found in the interactions of trace
elements, the nature of soil imbalances, or the interpreta-
tion of analytical survey data, that oversimplified and
futile research approaches can be avoided. This report of
the second GERHD Workshop, representing a consensus of
scientists from many disciplines, is an attempt to contrib-
ute to planning of future research that will permit an
improved relationship between man and the geochemical
environment.

This volume is accordingly organized into two sections:
“Trace Elements Related to Health and Disease” (Chap-
ters II-IX) and “Geochemical Environment and Man"”
(Chapters X-XVI), reflecting the special emphasis of the
work groups and the plenary sessions, respectively. Brief
specific introductions set the tone and scope of each
section.

TRACE ELEMENTS RELATED TO HEALTH
AND DISEASE

The relationship of trace elements in the environment to
human health and disease may be examined in at least
two ways. One of these is the attempt to prove a cause-
effect relationship through a more thorough knowledge of
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the distribution, availability, and interaction of given
elements and their health effects. The other approach
relies on the development of empirical correlations be-
tween the geochemical environment and disease pro-
cesses through geochemical and epidemiologic studies in
which large amounts of data can be used to establish
hypotheses helpful to further research.

Both of these approaches were thoroughly discussed at
the Workshop. As expected, the discussions did not result
in solutions, but they pointed out the very complex in-
teractions of individual trace elements, not only in the
environment but in the human organism as well, which
must be kept in mind in the design of future studies. They
also summarized the problems and preliminary results of
ongoing studies of the relationship of environmental fac-
tors to health and disease in man. In seeking to identify
the primary obstacle to further progress, these delibera-
tions outlined the advantages of a National Environmen-
tal Specimen Index System (Chapter XVI).

The Elements

The sessions that were concermned with our present
knowledge of eight elements—beryllium, magnesium,
manganese, nickel, silicon, strontium, tin, and
vanadium—can be summarized as follows: It is known
that severe under- or overexposure to most of these ele-
ments results in disease in experimental animals. Except
for beryllium, experimental deficiencies have been in-
duced, although some of these findings need confirma-
tion by independent investigators and in different animal
species. While magnesium deficiency is not an uncom-
mon problem in livestock, and manganese deficiency has
been described under practical conditions in poultry,
deficiencies of the remaining five elements are not yet
known to occur naturally. On the other hand, no intensive
effort has been made to detect such deficiencies in hu-
mans or animals; therefore, their existence, at least in
marginal form, cannot be excluded.

Geographic variations of the concentrations of the ele-
ments in rocks, soils, and water are known for most of
those discussed. Some of these variations are reflected in
the elemental concentrations in plants and, in some cases,
in human foods. However, it is not known to what degree
these changes in trace element concentrations in foods
are reflected in the total human intake of these elements,
and whether deviations from the optimum affect health.
Of particular importance in this regard is the exact as-
sessment of the relative importance of our own activities
on the environment. For example, to what degree do
modem agricultural practices reinforce or override en-
vironmental influences on the trace element content of
foods? Equally important, the influence of man-made
changes of foods (for example, the appearance of “food
analogues”) and of rapidly changing nutritional habits on
the trace element exposure of humans, and their relation
to the natural environmental background, are poorly
known and need to be examined.

Perhaps the most serious obstacle to future progress is
our lack of knowledge of the optimal requirements of

humans for individual trace elements. Whereas such
requirements are reasonably well known for experi-
mental animals, human needs can only be grossly
extrapolated from the animal experiments. Even for
nutrients like magnesium, whose function and essen-
tiality have been long known, there is still considerable
controversy as to the intake required for maintenance of
optimal human health. Because of these gaps in our
knowledge, it is impossible at the present time to estab-
lish cause—effect relationships between the geochemical
environment and human health and disease. The great
need for proving such relationships is evident, in view of
the many diseases without known etiology and with
proved or suspected geographical distribution patterns.
The considerable amount of knowledge accumulated in
the fields of rock, soil, and life sciences, and discussed in
these sessions, strongly suggests that the establishment of
cause—effect relationships is feasible if future intensive
research can provide the links now missing.

GEOCHEMICAL ENVIRONMENT AND MAN

While the establishment of cause-effect relationships be-
tween the geochemical environment and disease is the
ultimate scientific goal, this approach requires consider-
able effort and time and cannot be expected to produce
end results within the immediate future. It is possible,
however, to obtain useful preliminary information
suggestive of environmental influences on health and
disease processes. For example, outstanding features of
the geochemical environment can be mathematically cor-
related with the incidence of certain diseases.

This has been attempted, and is discussed and pro-
posed in this report for isolated population groups living
in an unusual geochemical environment, such as certain
Indian tribes in the southwestern United States (Chapter
XII). The disease patterns in these groups and their
deviations from the patterns of the general population are
well known (for example, the very high incidence of
diabetes, obesity, and cholelithiasis in the Pima Indians
and the much lower occurrence of cardiovascular disease
in this group than in the general population). Many of the
geochemical characteristics of the area inhabited by these
tribes are also well known, but a correlation between
environment and disease has not yet been made. Correla-
tions can be attempted on a wider geographic basis, as in
the Missouri study (Chapter XIII), or by carefully coordi-
nated studies on a worldwide basis, as in the World
Health Organization program on trace elements in car-
diovascular diseases (Chapter XIV). Yet, it must be
realized in the interpretation of both today’s preliminary
results and future more complete data, that even the most
perfect correlation between two variables does not estab-
lish a cause—effect relationship. However, a close correla-
tion can serve to alert the researcher to a more thorough
study of some environmental factors that may appear
more promising than others that do not correlate with
disease at all.

A session on the presentation of data in the form of
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maps and the compatibility of different mapping systems
served as an introduction to the focus of the third Work-
shop; it delineated an approach that would greatly facili-
tate the interpretation and correlation of geochemical and
health data (Chapter XV). Accordingly, the geographic
distribution of disease and environmental factors, de-
picted on maps, has since been examined in greater detail
at the Workshop held in 1974 at Captiva Island, Florida.

As was true for the first Workshop at Asilomar, almost
all sessions pointed out the existing deficiencies in
trace element analyses. These deficiencies are not impor-
tant where high concentrations are measured, or when
pronounced over- or underexposures are of concern. They
become, however, limiting to the progress of research in
which very low concentrations or small deviations from a
norm have to be accurately analyzed. This is particularly
true for the “new” trace elements. For example, an as-
sessment of human vanadium intake is impossible as long
as different methods produce analytical results for one

Introduction and Summary 3

food that differ by three orders of magnitude. The trace
element program of the World Health Organization, and
particularly the coordination of the analytical aspects of
this program by the International Atomic Energy Agency,
has done much to alert investigators to the many im-
provements of analytical procedures required if a mean-
ingful comparison of samples coming from different envi-
ronments is to be made. These considerations and the
conclusions reached by the Asilomar Workshop led to the
concept of a National Environmental Specimen Index
System (Chapter XVI). Such a system, designed and oper-
ated according to strict criteria, would not only serve as a
guide to much-needed reference materials for analytical
chemists, but may also become an invaluable index to
archive specimens to help define the influence of human
activities on the natural environmental background of
trace elements.

WALTER MERTZ

Workshop Chairman
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PART ONE

Trace Elements
Related to
Health and Disease

Eight chapters of Geochemistry and the Environment, Volume I, reported
on the relation of the following trace elements to health and disease:
Fluorine; Iodine; Chromium; Lithium; Cadmium, Zinc, and Lead; Sele-
nium; Tellurium; and Copper and Molybdenum. The other five chapters
provided an Overview; Analytical Methods; Sampling, Sample Prepara-
tions, and Storage for Analysis; Experimental Design and Epidemiological
Considerations; and a Summary of Needs and Priorities.

In the same manner, Geochemistry and the Environment, Volume II, is
concerned with eight additional trace elements (Chapters II through IX)
that have been critically evaluated with respect to our present knowledge
of their relation to health and disease, emphasizing natural environmental
sources. They appear in alphabetical order: Beryllium, Magnesium, Man-
ganese, Nickel, Silicon, Strontium, Tin, and Vanadium.
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Beryllium

WALLACE R. GRIFFITTS, Chairman
William H. Allaway, David H. Groth

A strong contrast is evident between the apparent lack of
effect on human health of beryllium in natural materials
and the highly toxic effects of many beryllium-containing
products of industry. This contrast results from the differ-
ences in both the beryllium content and its chemical form
in these two classes of materials. Occupational exposure
to high levels of beryllium-rich dust is associated not only
with respiratory illness but with the development of lung
cancer as well. There is also the possibility that beryllium
in natural materials may act as a sensitizer to other metals,
but this subject has been little studied.

GEOCHEMISTRY
Rocks

Beryllium is widespread in the rocks of the earth’s crust
and in soils derived from them. In igneous rocks, the
beryllium content generally increases with increasing
contents of silica and alkalies and with decreasing con-
tents of iron, calcium, and magnesium. Thus, peridotites,
with silica contents of less than 50 percent, contain much
less than 0.5 ppm of beryllium; basalts and gabbros, with
around 60 percent silica, commonly contain several
tenths of a part per million, rarely as much as 1 ppm; and
granites, with 70-75 percent silica, average about 5 ppm
beryllium. Extrusive volcanic rocks generally contain less
beryllium than do intrusive rocks with the same silica
content (i.e., those that have crystallized at depth). Fi-

nally, in a very general way, the beryllium content of
silicic rocks varies directly with the fluorine content—a
condition most evident in glassy volcanic rocks.

Within the common igneous rocks, beryllium is dis-
persed through the common rock-forming minerals, re-
placing silicon or aluminum in tetrahedral coordination in
the crystal structures. In granitic rocks, plagioclase and
homblende contain most of the beryllium, while potas-
sium feldspars and micas contain the rest. In basic rocks,
plagioclase, homblende, and diopside contain more be-
ryllium than associated minerals. Independent beryllium
minerals crystallize only rarely, in granitic pegmatites
(Wedepohl, 1969).

Beryllium-bearing minerals, unstable at the earth’s sur-
face, weather to clays, with loss of alkalies and cal-
cium. These clays inherit nearly all of the beryllium of the
original minerals and usually contain a few parts per
million—amounts similar to those of the original fresh
rock. Such clays and quartz are eroded, sorted, and rede-
posited, ultimately to become shales and sandstones.
Most shales contain 2-5 ppm of beryllium, while most
sandstones contain less than 1 ppm. Limestones contain
very little beryllium—much less than 1 ppm.

Metamorphism has generally little effect on the beryl-
lium content of rocks. Most schists and gneisses contain a
few parts per million of beryllium, inherited from the
original sedimentary and igneous rocks. As in igneous
rocks, the beryllium is contained largely in plagioclase,
hornblende, and diopside.
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Soil

Clays and residual minerals contain most of the beryllium
of the original rocks; thus, the soils composed of these
minerals generally contain a few parts per million of
beryllium. About 850 soils collected from localities
throughout the conterminous United States were found
by Shacklette et al. (1971) to contain from less than 1 to 7
ppm beryllium, averaging about 1 ppm. Several major
regional variations have been reported, the most promi-
nent of these being where values of 1.5 and 2 ppm
predominate in southwestern and north-central Nevada,
and in the mountains of central and southwestern Col-
orado, where values of 2-3 ppm prevail. In rather small
areas in which rocks contain unusually high levels of
beryllium, the soils may also be relatively high in beryl-
lium. Thus, the granite in parts of the Pike’s Peak
batholith in Colorado contains 10 ppm, an amount that
persists in the soils derived from the granite. Also, soils of
the beryllium district in the Lost River Valley, Alaska,
contain from less than 1 to 300 ppm of beryllium and
average about 60 ppm. Such areas of beryllium-rich soils
are small and are located in sparsely settled regions away
from important areas of food production.

Water

Very little beryllium is released to groundwater during
weathering, because the small amount that escapes
prompt capture by growing clay minerals is generally
sorbed by the surfaces of mineral grains. Under some
circumstances, however, beryllium does remain in solu-
tion long enough to migrate at least short distances. For
example, in the Red Desert of Wyoming, volcanic ash-
bearing sediments released beryllium as the glass shards
altered, and the beryllium was adsorbed by ferric hy-
droxide (limonite) precipitated in the vicinity. Even so,
the total amount of beryllium moved was very small; the
precipitates are small in amount and contain only a few
parts per million of beryllium. Inasmuch as the metal is in
solution at least briefly, it presumably could be assimi-
lated by plants and may, therefore, be of more importance
than the larger amount of beryllium that is fixed in the
rocks. In a study of many water samples from the western
United States, beryllium was detected in only three
highly acid mine waters. In the eastern United States and
in Siberia, surface water contains 0.1-0.9 ppb beryllium
(Wedepohl, 1969). Pacific Ocean water contains 2-9 ppb
of beryllium, about half of it dissolved and half in sus-
pended particulate matter. Beryllium is so promptly ad-
sorbed from neutral water by mineral and glass surfaces
that it can exist in solution only as complexes, of which
the most important in nature are probably fluoride,
chlorocarbonate, and organic complexes.

INDUSTRIAL PRODUCTION AND USAGE

The amount of beryllium used annually in the United
States is less than 300 tons; the total used in the 40-yr

history of the industry in this country is about 9,000 tons.
Industrial production before 1968 was from the beryllium
aluminosilicate, beryl, which contains about 4.8 percent
beryllium. Since 1968, a hydrous beryllium silicate, ber-
trandite, has also become an important source. The beryl
ores are processed in one of two ways: They may be finely
ground, sintered with sodium fluorosilicate, and the re-
sulting beryllium fluoride (BeF;) leached with water; or
the lump ore can be fused, quenched, annealed, and the
beryllium sulfate (BeSQ,) leached with sulfuric acid. In
either case, the resulting solutions are purified, and beryl-
lium hydroxide is precipitated. This may be converted to
beryllium oxide (BeO) for use in refractory or insulating
materials, converted to a variety of beryllium compounds,
or reduced to metal. The reduction of beryllium oxide to
metal can be done in the presence of another metal to
produce alloys or alone to produce beryllium metal. Be-
ryllium metal generally is then broken into small particles
that are pressed into masses with various desired shapes
through powder-metallurgical methods. Alloys, beryl-
lium metal, and beryllium oxide account for all but a
small amount of the beryllium used.

Although large amounts of manufacturing plant scrap
are recycled, little beryllium is reclaimed from the ulti-
mate products, because of the small size and, commonly,
low beryllium content of most products. Hair springs for
watches or instruments, base insulators for transistors,
and spring clips are more typical products than the more
spectacular massive heat shields for space capsules and
parts for nuclear reactors.

The small items are usually either discarded with other
solid wastes or salvaged for the copper in the alloy. This
may represent by far the most widespread accidental
addition of beryllium to the human environment.

PLANTS

The ash of many coals has long been known to contain
beryllium, in a few places in amounts of 100 ppm. The
beryllium is mainly in the organic matter of the coal,
which strongly indicates that it was a constituent of the
precursor plants.

Modem plants have also been found to contain beryl-
lium. Hickory (various species of genus Carya) is the best
beryllium accumulator found so far, containing as much
as 1 ppm (dry weight) of beryllium (30 ppm in plant ash).
Dogwood and other broad-leaved trees and shrubs con-
tain more than conifers, which seldom contain 0.1 ppm
(less than 1 ppm in the ash). Most studies have shown that
leaves contain more beryllium than either twigs or fruit,
but some desert shrubs in the Southwest contain more
beryllium in their twigs than in their leaves. Romney and
Childress (1965) showed that the roots of plants grown
hydroponically contain more beryllium than the higher
parts, but this has not been established for plants grown
in soil. Tundra plants on the Seward Peninsula, Alaska,
tend to concentrate beryllium from soils that contain no
more than 20 ppm, yielding ash that exceeds the soil in
metal content; however, when the soil contains more than
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50 ppm beryllium, the plant ash contains less beryllium
than the soil (Sainsbury et al., 1968).

Work currently in progress shows that lodgepole pine,
Englemann spruce, and Douglas fir in Colorado and
Idaho contain small amounts of beryllium. Their ash
contains somewhat less than 1 ppm, much less than the 5
ppm in the soil in which the trees grow. Beryllium is also
detectable in liquids condensed from fluids transpired by
these trees (Curtin et al., 1974).

Toxic Effects

Romney and Childress (1965) found that increasing the
levels of beryllium in culture solutions from 0 to 16 ppm
resulted in a depression of more than 50 percent in the
yield of peas, soybeans, alfalfa, and lettuce. The beryl-
lium concentration in the roots was substantially higher
than that in the aboveground portions of the plants, and
the beryllium in the foliage was at a higher level than that
in the fruit.

The addition of beryllium to three different soils, up to
amounts equivalent to 16 percent of the cation-exchange
capacity, also caused yield depression in plants, but the
drop in yields was less marked than in the culture-
solution experiments. The concentrations of beryllium in
the air-dried tops of plants grown in nutrient solutions
containing 16 ppm beryllium ranged from 27 ppm in
alfalfa to 75 ppm in peas. The air-dried tops of ladino
clover reached beryllium concentrations ranging from 18
to 22 ppm when grown in Aiken soil (a dominantly
kaolinitic clay soil series named for a type location in
California) treated with beryllium up to 16 percent of its
cation-exchange capacity. When similar additions, in
terms of cation-exchange capacity, were made to Vina soil
(a strongly montmorillonitic and kaolinitic clay soil series
also named for a type location in California), ladino clover
tops reached 5-7 ppm beryllium. Increasing the levels of
beryllium added to culture solutions and to soils tended
to depress calcium uptake and increase phosphorus up-
take by the plants. It is evident from this work that
beryllium in water-soluble forms is toxic to plants and
also that the soils tested fix added beryllium in phosphate
or other forms that are less available to plants.

The forms of beryllium in plants and their digestibility
by animals have not yet been determined. There is no
evidence at present that beryllium is moving from soils
into food plants in the United States in amounts that are
detrimental to plants, animals, or people. However, the
increasing industrial use of beryllium poses the possibil-
ity that beryllium waste or scrap will find its way to
agricultural soils.

EFFECTS ON HEALTH

In the early 1940’s, it was observed that several cases of
pulmonary granulomatosis (formation of epithelioid cell
tubercles) occurred in workers manufacturing fluorescent
light tubes (Spencer, 1962). Later, it was found that the
beryllium in the fluorescent powder used to coat the
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inside of the lamps induced the disease. Several cases of
acute beryllium poisoning (berylliosis) also developed,
some of which resulted in death. These cases exhibited
clinical and pathological characteristics similar to those of
other types of chemically induced pneumonitis. The
chronic forms of the berylliosis usually occurred only
after 1 or more years of exposure and frequently not until
years after any known exposure to beryllium. This disease
pattern is unique to beryllium exposure and continues to
be the main feature that puzzles investigators in this field.

In 1948, the U.S. Atomic Energy Commission estab-
lished guidelines for permissible levels of exposure to
beryllium and instituted a Threshold Limit Value (TLV) of
2 pg/m?® of air. This means that over an 8-h working day
the concentration of beryllium in the air in the worker’s
breathing-zone area should not exceed an average of 2
ug/m3. It was found that when no precautions were ob-
served (before 1948) levels as high as 1,000 ug/m? of air
were common. In the years after 1948, some factories
were able to succeed in keeping the beryllium levels near
the TLV; in others, the levels were closer to 2040 pg/m3.

Mancuso (1970) reported that workers in the beryllium
extraction industry who worked between 1840 and 1948
and who had developed an. occupational respiratory ill-
ness during employment (presumably acute berylliosis)
had a higher incidence of lung cancer than the general
population. It can be reasonably inferred from this that
workers who received high exposures to beryllium and
survived ran a higher risk of developing lung cancer.

The maximum permissible level of beryllium content
in air is not likely to be met often in exposure to natural
materials, except in extremely dusty places where the few
parts per million of beryllium contained in airborne clay
and silt might total 2 ug/m®. Beryllium disease is not
induced by exposure to material with such low beryllium
content.

There is good evidence that chronic berylliosis is an
immunologic disease (Resnick et al., 1970; Deodhar et
al., 1973). Inhalation sensitization studies in animals
need to be done, however, to confirm that observation
and to establish doses required for sensitization.

Although inhalation of high concentrations of some
compounds of beryllium, such as the sulfate or fluoride,
can produce acute beryllium disease, and other com-
pounds, such as the hydroxide, can produce chronic be-
ryllium disease, there is no evidence to indicate any
public health hazard from the ingestion of the amounts of

beryllium found in food or water.

RECOMMENDATIONS

Research is needed on the following questions:

1. What is the capacity of different soils to convert
various forms of added beryllium to insoluble forms that
are not available to plants?

2. What other elements enhance or depress the uptake
and translocation of beryllium by plants?

3. What are the chemical forms of beryllium in plants,
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and to what extent is the beryllium in food-plants assimi-
lated by animals and people?

4. What are the thresholds of toxicity to animals and
man of various forms of dietary beryllium?

5. What is the extent of sensitization and activation
effects of beryllium, and what are possible protective
reactions that may reduce the reactions to other mate-
rials?
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Magnesium, an essential nutrient for all organisms, is a
component of all types of chlorophyll. There is an average
of 2 percent magnesium in rocks (Clark, 1924) and 0.3
percent in soils. The amount of magnesium in soil solu-
tion is important in governing the magnesium available to
plants and may be important to understanding mag-
nesium deficiencies in plants and animals. Magnesium
deficiencies in plants vary from region to region and from
species to species. In addition, high concentrations of
potassium, calcium, and nitrogen in the soil can induce
hypomagnesemia in animals.

The magnesium content of healthy plants, especially
grasses and forbs, may not be sufficient to sustain normal
animal functions, such as lactation (the water supply
should not be overlooked as a significant source of mag-
nesium). Thus, there is a disparity between plant growth
requirements and animal requirements, especially under
conditions of intensive animal production. The relative
availability of magnesium is a crucial factor in the de-
velopment of such deficiency. Although the total mag-
nesium intake may be sufficient, a variety of conditioning
factors may limit its availability to animals. The most
susceptible animals usually are lactating ruminants graz-
ing on grass. Magnesium-deficiency disease in animals is
now found in many parts of the temperate zones, although
there are regional differences. Magnesium deficiency is
expected to increase as intensive farming increases.

Beyond the recommended allowances of magnesium
(300 mg/day for adult women and 350 mg for adult men),

11

the nutritional value of magnesium supplementation has
not been established.

Magnesium deficiency in humans, as in other animals,
is conditioned. Populations vulnerable to magnesium de-
ficiency are alcoholics, patients with intestinal malab-
sorption (especially those with protein—calorie malnutri-
tion), patients fed intravenously with low-magnesium
fluids, those with certain endocrine disturbances, indi-
viduals performing heavy labor (particularly in hot cli-
mates), and patients receiving such drugs as the newer
potent diuretics. There is no known regional distribution
of human magnesium deficiency, but, as there are areas in
which animal magnesium deficiency occurs, it is possible
that indigenous human populations also could be sub-
jected to decreased magnesium intake.

Hypermagnesemia occurs in humans largely as a result
of severe kidney disease.

GEOCHEMISTRY

Rocks and minerals usually contain a higher percentage
of magnesium than do soils, which reflects the loss of
magnesium during weathering. For example, Bowen
(1966) reports the following magnesium compositions:
igneous rocks, 2.33 percent; shales, 1.5 percent;
sandstones, 1.1 percent; limestones, 0.3 percent; and
dolomites, 20 percent. This contrasts with 0.3 percent for
soils. Seawater contains approximately 1,350 ppm, com-
pared to an average of 4.1 ppm for fresh waters.
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Soil Solubility Relations

During weathering, magnesium may be precipitated in
clay minerals, which play a significant role in governing
the solubility of magnesium in soil. The Mg** ion often
replaces A1** and leaves a net negative charge of —1 for
each substitution in the mineral lattice. Magnesium
montmorillonites reflect this type of substitution. Again,
the substitution of Mg** for Fe?** is common, but here
there is no alteration in charge associated with the ex-
change. A major portion of soil magnesium thus consists
of weathered primary minerals and secondary alumino-
silicate minerals in which Mg** is substituted for A1%*.

In soil solution, magnesium ions react with water, form-
ing MgOH*, which does not significantly affect the pH
range of soils. The level of soluble magnesium in soils is
generally in the range of 107 to 10-* M (mole, mass in
grams equivalent to its formula mass), slightly less than
that of Ca®*. These levels may result in a significant
removal of both Mg** and Ca** under high rainfall condi-
tions.

Mg** is held as an exchangeable cation by negatively
charged silicate minerals and generally comprises from 5
to 30 percent of the total exchange capacity. Thus, ex-
changeable magnesium constitutes the major reserve of
magnesium readily available to plants. Magnesium de-
ficiencies usually occur when exchangeable magnesium
drops below 5 percent of the total cation-exchange capac-
ity (Chapman, 1966). This happens mainly in coarse-
textured soils in areas of high rainfall. Excessive leaching
favors the removal of magnesium from the exchange site
and the development of acid soils. Figure 1 illustrates the
lower magnesium content of soils at 8 in. depth in the
high rainfall areas of the Southeast than in soils at 8 in.
depth of the arid West. A familiar agricultural practice to
replenish exchangeable magnesium in soil is to add
dolomite [CaMg(CO,);] where magnesium comprises
less than 5-10 percent of the total exchangeable cation. A
guideline often used is that the ratio of magnesium to
potassium should be greater than 2 (Tourtelot, 1971).

ANALYTICAL METHODS

Atomic-absorption spectroscopy provides a satisfactory
method for measurement of magnesium in biological
samples, provided adequate precautions are taken to as-
sure the elimination of various anion and cation interfer-
ences. Many values for magnesium in biological materials
obtained prior to the mid-1960’s should be used with
caution.

BIOCHEMISTRY

The size of a cation is important in determining its solu-
bility and ligand binding properties. Mg®** has an ionic

radius two-thirds that of Ca?* and Na* and half that of K*.

Because of its small size and relatively large charge, Mg**

is the least easily polarized metal ion, but the best
polarizer of other molecules in biological systems. In
general, cations form stable complexes with anions or
ligands of similar “hardness.” Ligands such as Mg** con-
tain highly electronegative electron donors; Mg** is most
stably complexed by phosphate and carboxylate anions or
by the lone pair of electrons of nitrogen. Because of its
greater polarizing ability, Mg?* has a larger hydration
energy than Ca?* and magnesium salts of long-chain
organic acids are, for this reason, more soluble than the
analogous calcium salts (Mildvan, 1970; Hughes, 1972;
Vemon and Wacker, 1977).

Magnesium is the most abundant intracellular divalent
cation in both plants and animals. In animal tissues it
varies in concentration from 61 to 365 mgkg (Williams
and Wacker, 1967; Wacker and Parisi, 1968). Since the
discovery by Erdtman (1927) that magnesium is an ac-
tivator of mammalian alkaline phosphatase, many other
enzymes have been found to be similarly activated, in-
cluding most of those utilizing ATP (adenosine triphos-
phate) or catalyzing the transfer of phosphate (Wacker,
1969).

Since ATP is required in the energy processes of many
biological systems, including membrane transport, amino
acid activation, acetate activation, succinate activation,
protein synthesis, nucleic acid synthesis, fat synthesis,
coenzyme synthesis, nerve impulse generation and
transmission, muscle contraction, and oxidative phos-
phorylation, the function of magnesium may extend to all
such processes.

A divalent cation (presumably magnesium) is needed
for most of the reactions leading to the synthesis of pro-
tein. An activating enzyme, aminoacyl ¢-RNA (transfer-
RNA) synthetase, specific for each of the amino acids,
catalyzes the formation of an amino acid adenylate, a
mixed anhydride between the carboxyl of the amino acid
and the 5'-phosphate of adenosine monophosphate (AMP)
in the presence of magnesium derived from ATP. A spe-
cific t-RNA then reacts with the enzyme-bound aminoacyl
adenylate, forming an ester between the carboxyl of the
amino acid and either the 2'- or 3'-OH of the ribose
moiety of the terminal adenosine of t-RNA. The amino
acid-charged t-RNA then reacts with the ribosome-
messenger RNA (m-RNA) complex, “the polysome,” where
the peptidyl ¢-RNA chain is growing. The ¢-RNA of the
previous amino acid to be incorporated is still bound to
the polysome, and it is displaced by a nucleophilic attack
on the ester bond brought about by the incoming a-amino
group of the aminoacyl ¢-RNA. An additional peptide bond
is thereby formed. The growth of the peptide chains from
the a-amino to the carboxyl terminal proceeds in this
manner. The details of these processes are the subject of
reviews by Novelli (1967) and Schweet and Heintz
(1966).

Aminoacyl ¢-RNA synthetases require magnesium (or
another divalent cation) for the overall reaction leading to
the charging of a specific t-RNA with its amino acid. In all
the systems examined, magnesium (or another divalent
cation) is required for the formation of the aminoacyl
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adenylate. The second step, the transfer of the activated
amino acid to ¢-RNA, probably does not require a divalent
cation (Allende et al., 1964; Lagerkvist and Waldenstrom,
1965). The amount of magnesium required in the overall
reaction catalyzed by the aminoacyl synthetases varies
according to the specific amino acid being activated
(Makman and Cantoni, 1965; Ravel et al., 1965; Novelli,
1967). The magnesium concentration yielding optimal
activity may vary from 1 to 30 times that of ATP.

A number of other reactions result in the formation of
enzyme-bound acyl-adenylate intermediates analogous
to the aminoacyl intermediate. These include enzymes
that activate acetate and succinate (Webster, 1965, 1967;
Gibson et al., 1967). They, too, require magnesium as an
activator.

Magnesium maintains the structure of ribosomal parti-
cles in a number of different species (Chao, 1957; Bolkens
et al., 1958; Tissieres and Watson, 1958; Tso et al., 1958;
Hall and Doty, 1959; Tissiéres et al., 1959; Petermann,
1960). E. coli ribosomes, when suspended in a solution
containing 107 M magnesium, exist only as 30-S
(sedimentation constant) and 50-S subunits; increasing
the magnesium concentration to 10~* M results in the
formation of 70-S ribosomes by the association of a 30-S
and 50-S subunit. Increasing the concentration still
further results in the formation of 100-S dimers of 70-S
ribosomes (Tissieres et al., 1959). Removal of residual
magnesium with EDTA from 30-S and 50-S ribosomal
particles produces irreversible degradation of the
ribosomal subunits. Magnesium is bound to the phos-
phate groups of ribosomal RNA (Goldberg, 1966; Chai and
Carr, 1967).

When E. coli is incubated in a medium deficient in
magnesium, the ribosomes disappear. After 6 h of starva-
tion, only small numbers of 70-S ribosomes remain
(McCarthy, 1962). Similar results have been obtained
with magnesium-starved yeast (Beck et al., 1967) and
Aerobacter aerogenes (Kennell and Kotoulas, 1967; Mar-
chesi and Kennell, 1967). Magnesium is apparently re-
quired for the maintenance of ribosomal structure both in
vivo and in vitro.

Magnesium ions are required for the attachment of
messenger RNA to ribosomes (Brenneret al., 1961; Gros et
al., 1961; Takanami and Okamoto, 1963; Moore, 1966;
Daset al., 1967). Magnesium is also necessary in the final
step of protein synthesis, the interaction between the
ribosome-messenger RNA, and the ¢-RNA molecule charged
with a specific amino acid (Gordon and Lipmann, 1967;
Salas et al., 1967). The fidelity of the RNA code has been
shown to be affected by magnesium concentration; cod-
ing ambiguities increase as the magnesium concentration
varies in several in vitro amino acid incorporating sys-
tems (So and Davie, 1964; Szer and Ochoa, 1964; Mar-
shall et al., 1967).

Alkaline phosphatase was the first enzyme shown to be
activated by magnesium (Erdtman, 1927). Alkaline
phosphatases have a wide substrate range, hydrolyzing
organic orthophosphate of almost any type. Mammalian
alkaline phosphatases also hydrolyze both inorganic and

organic pyrophosphates (Cox et al., 1967; Eaton and
Moss, 1967a, 1967b, 1967c; Fernley and Walker, 1967).
Unlike the orthophosphatase, activity in the pyrophos-
phatase is inhibited by magnesium at the optimal pH
range of the orthophosphatase reaction (Eaton and Moss,
1967a, 1967b; Fernley and Walker, 1967).

Membrane-bound ATPases (adenosine triphosphatases)
are considered to play decisive roles in several major
biological systems, including mitochondrial oxidative
phosphorylation, photosynthesis, active ion transport, and
muscle contraction (Pulman and Schatz, 1967; Albers,
1967; Gibbs, 1967). While ATPases are usually present in
cells in bound form, several have been isolated and
purified in soluble form and all have an in vitro require-
ment for magnesium ions. A soluble ATPase (F,) was first
isolated from mitochondria by Pulman and coworkers
(1960). This enzyme, F,, when added to submitochondrial
particles restores coupling of phosphorylation to electron
transport (Penefsky et al., 1960). A similar enzyme, iso-
lated from bovine heart mitochondria (Selwyn, 1967), has
an absolute requirement for a divalent cation, which can
be satisfied by magnesium, cobalt, zinc, iron, manganese,
cadmium, nickel, and calcium. However, the highest ac-
tivity is obtained with magnesium. A phosphatase closely
related to F,, the chloroplast coupling factor (CF,),
catalyzes photphosphorylation and a magnesium-acti-
vated ATPase (Nelson et al., 1972). Several short reviews
of the various ATPases have recently been published.
(Guidotti, 1976; Postma and Van Dam, 1976).

A similar magnesium-dependent ATPase has been ob-
tained in soluble form from yeast mitochondria (Schatz et
al., 1967). An ATPase that requires magnesium for activity
and binding has been isolated from the membranes of
Streptococcus fecalis (Abrams and Baren, 1967). Mag-
nesium ions also serve to bind the enzyme to the bacterial
membrane. Magnesium does not increase the number of
binding sites on the membrane, but does increase the
strength of attachment of the enzyme to the membrane.
Complete binding in the absence of magnesium can only
be obtained with large excesses of enzyme. However,
when magnesium is present, binding occurs at a low
enzyme concentration. It may be that magnesium forms
an ionic linkage between the acidic enzyme and the
polyanionic lipid, present in the bacterial membrane
(Abrams and Baren, 1968).

Another magnesium-activated ATPase is associated
with cell membranes in a variety of tissues; it can also be
activated by sodium and potassium. It has been suggested
that active transport of these alkali metals is mediated by
ATPase (Albers, 1967; Marchesi and Palade, 1967).

Enolase from yeast and mammals catalyzes the dehy-
dration of phosphoglyceric acid to phosphoenolpyruvate.
Yeast-derived enolase was shown by Warburg and Chris-
tian (1941) to require magnesium for catalysis activity;
enolase from muscle has since been found to have a simi-
lar requirement. Early studies by equilibrium dialysis
suggested that the active form of the enzyme was a metal-
loprotein complex (Malstrom, 1956). However, kinetic
studies demonstrated that the Michaelis constant (Ky,) for
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magnesium was identical for both the forward and back-
ward reactions of enolase. Because the binding constants
of magnesium for phosphoglyceric acid and phos-
phoenolpyruvate differ, the K, values would be expected
to differ if a magnesium-protein complex were the true
substrate involved in this reaction. Identical K, values
would indicate that the enzyme-magnesium complex is
the active catalytic moiety (Wold and Ballou, 1957a,
1957b). Cohn and her collaborators, however, have dem-
onstrated that an enzyme-metal complex (presumably
magnesium) is, indeed, the active species (Cohn and
Leigh, 1962; Cohn, 1963).

These investigators have also carried out a series of
studies, using nuclear magnetic resonance (NMR) tech-
niques, which have provided fundamental understanding
of the role of divalent metal ions in enzymatic reactions
that utilize ATP.

The normal activator of creatine kinase and pyruvate
kinase, based on the intracellular abundance of divalent
cations, is probably magnesium (see Cohn, 1963). How-
ever, manganese also activates both, and the use of man-
ganese in studies of metal ion activation offers a distinct
advantage because of its paramagnetic character. As a
result of developments in magnetic resonance tech-
niques, it is possible to utilize these paramagnetic prop-
erties of manganese to study its interaction with these two
enzymes, their substrates (creatine phosphate and phos-
phoenolpyruvate), and ATP (a nucleotide). Such studies
have demonstrated that, in some instances, the metal-
nucleotide complex is the true substrate of the reaction,
whereas in others the metal-enzyme complex is the ac-
tive species. Examples of each type of complex (i.e., in-
volving creatine kinase and pyruvate kinase) are con-
sidered. In these experiments manganese is assumed to
act like magnesium and is used because of its magnetic
properties. For the details of the procedure see Cohn
(1963).

The metal-nucleotide is the active species of creatine
kinase, as indicated by kinetic studies and confirmed by
NMR, because the binding of manganese to either creatine
kinase or ATP alone enhances the measured nuclear mag-
netic resonance relaxation rate only slightly. However,
when the enzyme, ATP, and manganese are all present, a
greater than eightfold enhancement occurs. Thus, it ap-
pears that a temary complex between enzyme, ATP, and
manganese has formed.

Electron paramagnetic resonance (EPR) has been used
in combination with NMR to demonstrate that manganese
in the ADP (adenosine diphosphate)-manganese complex
does not serve as a bridge atom between the nucleotide
and the creatine kinase enzyme. The line widths of the
EPR spectrum of Mn?*, which are a measure of the relaxa-
tion time of the electron spin, are altered on addition of
ATP, but do not change on addition of creatine kinase
instead. Addition of the enzyme to Mn-ADP causes a
change in the relative rotational motion of water and
manganese in the complex, but causes no change in the
type of motion that determines the electron spin relaxa-
tion rate. Manganese must, therefore, be in the same

Magnesium 15

relation to ADP in both the binary and ternary complexes
(Cohn, 1963).

In a further study of the interaction of Mn—-ADP and
Mn-ATP with creatine kinase, the data were compared to
those obtained by kinetic measurements (O’Sullivan and
Cohn, 1966). The dissociation constants of creatine
kinase-Mn-ADP and creatine kinase-Mn-ATP were
found to agree with those derived from kinetic studies of
manganese activation, and with those for magnesium pre-
viously obtained by kinetic and thermodynamic methods
(Kuby et al., 1962; Morrison and O’Sullivan, 1965). Thus,
manganese and magnesium are the same kinetically.

In pyruvate kinase, unlike creatine kinase, proton-
relaxation-rate studies demonstrate that manganese binds
directly to the enzyme (Mildvan and Cohn, 1965). In
contrast to creatine kinase, the addition of manganese to
pyruvate kinase alone results in a marked enhancement of
the proton relaxation rate. Comparison of the activator
constant determined by kinetics, with the dissociation of
manganese from the enzyme as determined by direct
binding studies, demonstrates that pyruvate kinase func-
tions as a metal-enzyme complex.

Calcium is a competitive inhibitor of pyruvate kinase.
Direct binding studies using NMR have shown that cal-
cium competes with manganese for magnesium-activated
enzymes that function as metal-enzyme complexes, but,
conversely, calcium is often an activator of systems that
use a metal-nucleotide as substrate. Kinetic studies on
B-methyl aspartase indicate that inhibition or activation
by divalent metals is a function of the ionic radius of the
particular metal (Bright, 1967).

Pyruvate kinase has a dual enzymatic specificity, being
able to function also as a fluorokinase, converting fluoride
ion in the presence of ATP to fluorophosphate (Mildvan et
al., 1967). Taking advantage of the magnetic resonance of
fluorine, a complex has been demonstrated between
fluorophosphate and the enzyme in which manganese
serves as a bridge. Because the distance of the fluorine or
fluorophosphate from manganese can be estimated by
this technique, these studies demonstrate that
fluorophosphate is bound to manganese through an oxy-
gen bond and not through a direct fluoromanganese bond.
Fluorophosphate is a competitive inhibitor of phos-
phoenolpyruvate; therefore, by analogy, the same type of
binding by phosphoenolpyruvate to the enzyme can be
assumed in accord with the previous data of Mildvan and
Cohn (1966). Moreover, both phosphoenolpyruvate and
fluorophosphate reduce the enhanced proton relaxation
rate of water to the same extent, again suggesting a similar
structure.

While progress is being made toward understanding
the role of magnesium in isolated enzymatic systems, the
actual intracellular function of magnesium in physiologi-
cal terms can still only be judged by extrapolation. The
function of magnesium as an activator of intracellular
enzymes, for example, provides a potential mechanism
through which control of intracellular processes could be
mediated (Bygrave, 1967; Kerson et al., 1967; Williams
and Wacker, 1967; Wacker and Williams, 1968). Recent
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experiments by Rubin (1975) lend support to the idea that
the concentration of free magnesium ions plays a major
role in “coordinate control” of cellular activity. These
studies, using chick embryo fibroblasts, show that DNA
synthesis and a number of other reactions are activated
by magnesium ions. All of the reactions where mag-
nesium appears to function in this way are rate-limiting
steps and are transphosphorylation reactions.
Chlorophyll, because of its role in photosynthesis, is
undoubtedly the most important biological compound
containing magnesium. A clear-cut chemical participation
of chlorophyll in photosynthesis has yet to be defined.
Although chlorophyll is known to serve as the primary
absorbent of the radiant energy of sunlight, the mecha-
nism of energy transfer from the excited chlorophyll
molecule remains a matter of speculation and contro-
versy. One proposal suggests that each absorbed quantum
of light may splita C—O or an O—H bond; another theory
postulates that the energy is conveyed to a reactive

species.

MAGNESIUM IN HUMANS AND ANIMALS

Intake

The average adult American ingests 240480 mg of mag-
nesium daily. An intake of about 200 mg may meet daily
nutritive requirements for an average adult, provided that
the individual remains in positive magnesium balance.
The recommended allowances are 300 mg/day for women
and 350 mg for men; for a child, the requirement is 150
mg (Coussons, 1969). Greater importance of magnesium
in childhood is suggested by the relative ease with which
deficiency states are produced experimentally in young
animals as compared with adult animals (Coussons, 1969).
Schroeder et al. (1969) called attention to the theoretical
relation of dietary magnesium deficiency to serious
chronic diseases, including atherosclerosis.

Some common foods, ranked in order of decreasing
mean concentrations (wet weight) of magnesium, are:
nuts, 1,968 mg/kg; cereals, 802; seafoods, 352; meats, 267;
legumes, 243; vegetables, 170; dairy products, 158; fruits,
73; refined sugars, 61; and fats, 7. Two major sources of
caloric energy, fats and refined sugars, are virtually de-
void of magnesium (Schroeder et al., 1969).

Absorption

In normal individuals on regular diets, the average daily
absorption of magnesium from the gastrointestinal tract is
1.70 mg/kg(or 153 mg for a 90-kg man), an amount approxi-
mately 40 percent of the size of the extracellular pool.
Although no single factor appears to play a dominant role
in absorption as does vitamin D in calcium absorption,
the absorption of magnesium is influenced by the load
presented to the intestinal mucosa (Aikawa, 1959;
Graham et al., 1960). Absorption begins within an hour of
ingestion and continues at a steady rate for about 2-8 h.

Absorption from the small intestine is fairly uniform, but
little or no magnesium is absorbed from the large bowel
(Graham et al., 1960).

Evidence from a variety of animals suggests that the
small intestine is the main site of magnesium absorption,
but that the pattern of absorption varies with the species
studied (Graham et al., 1960; Field, 1961). Absorption
from the large intestine is negligible in the rabbit (Aika-
wa, 1959). In male albino rats, more than 79 percent of the
total absorption of **Mg takes place in the colon, and
secretion of endogenous magnesium occurs predomi-
nantly in the proximal gut (Chutkow, 1964). Both mag-
nesium and calcium are bound to phosphate and to non-
phosphate binding material of an unknown nature in the
ileal contents of ruminating calves (Smith and McAllan,
1966) and, hence, are rendered nonultrafiltrable.

There appears to be an interrelation between the ab-
sorption of magnesium and of calcium in the proximal
part of the small intestine in the rat (Alcock and Macln-
tyre, 1962). The suggestion has been made that there is a
common mechanism for transporting calcium and mag-
nesium across the intestinal wall (MacIntyre, 1960; Hen-
drix et al., 1963).

The concentration of ionic magnesium in the intestinal
contents appears to be the main factor controlling the
amount absorbed in a given period of time (Smith and
McAllan, 1966).

CONSERVATION AND EXCRETION

Mendel and Benedict (1909), in a review of the early
literature, showed quite clearly that rapid renal excretion
of magnesium followed the subcutaneous injection of
various magnesium salts, whereas intestinal excretion
was minimal. Hirschfelder and Haury (1934) reported
that in seven normal adults 4044 percent of an injected
dose of magnesium appeared in the urine within 24 h.
Tibbetts and Aub (1937) reported that healthy individuals
taking 595-899 mg/day excreted 498-802 mg, of which
slightly more than half was in the stools. Smith et al.
(1939) studied the excretion of magnesium in dogs after
the intravenous administration of MgSO, and concluded
that the magnesium distributed itself throughout the ex-
tracellular fluid during the first 3—4 h; during subsequent
hours, some of the ion appeared to be segregated from the
extracellular fluid and not excreted.

A tracer dose of Mg was administered orally to 26
humans; fecal excretion within 120 h accounted for 60-88
percent of the administered dose (Aikawa et al., 1958).
The concentration of radioactivity in plasma peaked at 4
h. When *®Mg was injected intravenously into a normal
human subject, only 1.8 percent of the radioactivity was
recovered in the stool within 72 h (Aikawa et al., 1960). In
humans, fecal magnesium thus appears to be primarily
magnesium from material that is not absorbed by the
body.

The diffusible magnesium in plasma is filtered by the
glomeruli and is reabsorbed by the renal tubules, proba-
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bly by an active process, although the control mecha-
nisms are not known. There is evidence that magnesium
may be secreted by the renal tubule (Forster and
Berglund, 1956).

Magnesium is also excreted in sweat (Consolazio et al.,
1963). Following exposure of men to high temperature for
several days, from 10 to 15 percent of the total body
output of magnesium is recovered in sweat, and, under
extreme conditions, up to 25 percent may be recovered.

Magnesium clearance by the kidney, corrected for pro-
tein binding, increases as a linear function of plasma
magnesium concentration, but approaches a steady rate at
high plasma levels of magnesium. It is primarily the ionic
fraction of magnesium in plasma that appears in the
glomerular filtrate. The excretion of magnesium may be
greater than normal in renal diseases associated with
heavy proteinuria. There normally appears to be almost
maximal tubular reabsorption of magnesium (Chesley and
Tepper, 1958).

Magnesium deficiency in humans with healthy kidneys
is rare even with low-magnesium diets. Renal mecha-
nisms are apparently efficient enough to conserve all but
about 12 mg/day, and fecal losses are minimal (Bames et
al., 1958). The kidney is the major excretory pathway for
magnesium once this is absorbed into the body (Mendel
and Benedict, 1909). In subjects on a normal diet, renal
excretion amounts to a widely varying proportion of the
daily ingested magnesium. The mean daily excretion of
magnesium in the urine of 12 normal men on an unre-
stricted diet was 162 + 42.5 mg/day (Wacker and Vallee,
1958) and in 8 other normal subjects was found to range
between 72.9 and 437.4 mg (Aikawa et al., 1958).

Metabolic-balance studies in 27 subjects showed a
positive correlation between the level of dietary intake
and the magnesium excretion in both the urine and the
feces (Heaton, 1969). When dietary intake of magnesium
is increased or decreased, urinary excretion of mag-
nesium increases or decreases with no significant change
in the plasma level of magnesium. Magnesium is retained
by the kidney, however, in response to a restriction in the
dietary intake (Fitzgerald and Fourman, 1956; Bamnes et
al., 1958). Diurnal variations in the urinary excretion of
magnesium, as well as that of calcium, sodium, and
creatinine, have been demonstrated (Briscoe and Ragan,
1966) with a reduction in excretion at night. Th< mecha-
nism of excretion of magnesium by the mammaiian kid-
ney is still unclear. It could involve glomerular filtration
and partial reabsorption of the filtered material by the
renal tubules; or the filtered material could be completely
reabsorbed and the excreted magnesium appear by tubu-
lar secretion, as is believed to occur with potassium.
Tubular secretion of magnesium undoubtedly occurs in
the aglomerular fish (Berglund and Forster, 1958), but
stop—flow studies with radioactive magnesium in dogs
have produced conflicting evidence about secretion of
magnesium by the tubules (Ginn et al., 1959; Murdaugh
and Robinson, 1960). In rabbits, the renal excretion of
magnesium appears to be essentially glomerular
(Raynaud, 1962).
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The amount of magnesium filtered at the glomerulus in
an adult human is about 117 mg/h, assuming a glomerular
filtration rate of 130 ml/min, a total plasma magnesium
concentration of 19.4 mg/l, and an ultrafiltrable fraction
comprising 75 percent of the total. The mean rate of
magnesium excretion in the urine (about 4 mg/h), there-
fore, represents only 3.5 percent of the filtered load. The
whole range of excretion observed under physiologic
conditions in humans can be explained if the tubular
reabsorption of magnesium varies between 91 and 99
percent of the amount filtered at the glomerulus. In rats
(Averill and Heaton, 1966), sheep (Wilson, 1960), and
cattle (Storry and Rook, 1962), there is evidence for the
existence of a renal threshold for excretion of magnesium
at a value close to the lower limit of the normal blood
level. There is reduction in net tubular reabsorption of
magnesium above a total serum magnesium concentration
of 14.6-17.0 mg/1; this could be due to either a decrease
in the maximum capacity for tubular reabsorption or an
increase in tubular secretion of magnesium.

The possibility of secretion of magnesium by the renal
tubules in humans has been investigated under condi-
tions of magnesium loading (Heaton, 1969). At serum
concentrations above 75.3 mg/l, the amount excreted was
more than twice the filtered load, thus demonstrating
tubular secretion of magnesium beyond any likely ex-
perimental error. In other species, the data indicating that
magnesium is actively secreted by the tubule are
equivocal or negative (Massry and Coburn, 1973).

Until recently, all the available evidence observed in
rats has been consistent with a mechanism for magnesium
excretion that involves reabsorption of the filtered mate-
rial, with the excreted magnesium derived chiefly by
tubular secretion. This secretion only appears to start
when the magnesium concentration in serum exceeds a
critical value close to the lower limit of the normal range.
However, studies with the standard stop—flow techniques
to measure kidney functions in vitro did not show mag-
nesium secretion in acutely magnesium-loaded rats un-
dergoing mannitol or sulfate diuresis (Alfredson and
Walser, 1970).

In dogs (Massry et al., 1969), magnesium excretion, like
sodium and calcium excretion, is determined by filtration
and reabsorption alone, without evidence for tubular se-
cretion. There is a maximal tubular reabsorptive capacity
for magnesium of approximately 139.7 mg/min/kg body
weight. The parathyroid hormone may directly increase
tubular reabsorption of magnesium.

METABOLIC STUDIES

Tracer Studies

The introduction in 1957 of the radioactive isotope of
magnesium, Mg, for clinical studies made possible de-
termination of the “exchangeable” magnesium pool in
human subjects. When nine normal subjects were given
intravenous infusions of 145.8-364.5 mg of magnesium
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tagged with *Mg, the material was rapidly cleared from
the extracellular fluid (Aikawa et al., 1960). After about
18 h, the specific activities in plasma and urine showed
only a slight gradual increase, suggesting that the infused
material had equilibrated with the stable magnesium in a
somewhat labile pool and that further exchange was oc-
curring very slowly in an even less labile pool. The
concentration of radioactivity in plasma and urine was too
low to follow after 38 h. The size of the labile pool in
normal subjects ranged between 1,640 and 4,824 mg
(32-64 mg/kg of body weight). Since the body content of
magnesium is estimated to be as much as 364.5 mg/kg,
only about 15 percent or less of the total body content of
magnesium is measured by the 22Mg exchange technique.

The results of the external survey and the tissue
analyses suggest that the labile pool of magnesium is
contained primarily in connective tissue, skin, and the
soft tissues of the abdominal cavity (such as the liver and
intestine) and that the magnesium in bone, muscle, and
red cells exchanges very slowly.

In another study, Silver et al. (1960) followed the turn-
over of magnesium for periods up to 80 h after intrave-
nous injections of #*Mg. Even at 90 h, only one-third of the
body’s magnesium had reached equilibrium with the
isotope. Graphic analysis of urinary Mg curves in terms
of exponential components yielded a slow component
with a half-time of 13-38 h, which accounted for 10-15
percent of the injected dose, and two more rapid compo-
nents with half-times of 1 h and 3 h, respectively, which
accounted for 15-25 percent of the injected dose. The
large fraction of magnesium remaining—about 25-50 per-
cent of the body’s total—had a turnover rate of less than 2
percent per day.

The reactivity of the skeleton, as measured by isotopic
exchange, declines with age (Breibart et al., 1960). The
exchange of 2®Mg, expressed as bone/serum specific activ-
ity, is more rapid in younger animals than in older ones.
Mg accumulates in the bones of young rats about twice
as fast as in the bones of adult rats (Lengemann, 1959),
and the exchange of Mg in cortical bone occurs much
more rapidly in young rats than in old ones. The stable
magnesium content of bone increases with age and varies
inversely with the water content of bone. 22Mg studies in
lambs indicate that the magnesium reserve in bone is
mobilized during dietary magnesium deficiency
(McAleese et al., 1961).

2BMg Compartmental Analysis

Avioli and Berman (1966) used a combination of meta-
bolic balance and **Mg turnover techniques to de-
velop a mathematical model for magnesium metabolism
in humans.

Multicompartmental analysis indicates that in humans
there are at least three rapidly exchangeable magnesium
pools with differing rates of turnover: Pools 1 and 2 have a
relatively fast tumover and together approximate ex-
tracellular fluid in distribution, and pool 3, an intracellu-
lar pool containing over 80 percent of the exchanging mag-

nesium, has a turnover rate one-half that of the most rapid
pool. A fourth pool, which is not rapidly exchangeable,
probably accounts for most of the whole-body magnesium
(Wallach et al., 1966). Only 15 percent of whole-body
magnesium, or an average of 43.01 mg/kg body weight, is
accounted for by relatively rapid exchange processes
(Avioli and Berman, 1966).

Parathyroid Hormone

There is considerable evidence for the hypothesis that
the parathyroid hormone may help to control the concen-
tration of plasma magnesium through a feedback mecha-
nism (Maclntyre et al., 1963; Heaton, 1965; Gill et al.,
1967).

Symptomatic magnesium deficiency in rats is accom-
panied by hypercalcemia and hypophosphatemia, pro-
vided the parathyroid glands are intact. The concentra-
tion of ionic calcium in plasma also is elevated. In the
absence of parathyroid glands, magnesium-deficient rats
do not develop hypercalcemia or hypophosphatemia.
Moreover, these latter rats develop a lower concentration
of ionized calcium in plasma than that observed in
parathyroidectomized rats on a normal diet (Gitelman et
al., 1968a).

If parathyroid regulation is influenced by the concen-
tration of magnesium in plasma, in a manner similar to
calcium, hypermagnesemia should inhibit parathyroid
gland activity. This hypothesis was tested in intact and in
previously parathyroidectomized rats, which were ne-
phrectomized to eliminate the urinary excretion of calcium
as a variable. Isotonic magnesium chloride was adminis-
tered subcutaneously to the experimental animals, and
normal saline solution was administered to the controls. A
significant decrease in the concentration of ionic calcium
in the plasma was observed in the magnesium-treated
animals with intact parathyroid glands. In contrast,
magnesium-treated parathyroidectomized animals failed
to develop a significant change in the concentration of
ionic calcium in comparison with saline-treated
parathyroidectomized controls, suggesting that hyper-
magnesemia may inhibit parathyroid gland activity. Simi-
lar results were found in goats and in a sheep by perfusion
of the isolated parathyroid gland with whole blood of
varying magnesium concentration (Buckle et al., 1968).
Sherwood et al. (1970), using an organ culture system of
normal bovine parathyroid tissue, provided direct evi-
dence that the release of parathyroid hormone is in-
versely proportional to both the calcium and the mag-
nesium ion concentrations. All of these results are consis-
tent with the hypothesis that the parathyroid regulatory
mechanism involved in calcium homeostasis is modified
by alterations in the concentration of plasma magnesium
(Gitelman et al., 1968b).

Relation of Extracellular Magnesium to Bone

Magnesium deficiency in the rat lowers the magnesium
concentration in bone (Martindale and Heaton, 1965).
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The observation of a direct relation between the mag-
nesium concentrations in the plasma and in the femur of
magnesium-deficient rats and calves supports the view
that the skeleton provides the magnesium reserve in the
body and suggests that an equilibrium exists between the
magnesium of the plasma and the bone. This equilibrium
is apparently independent of enzymatic activity and must,
therefore, be physical-chemical in nature. The depen-
dency of this equilibrium on the concentration of mag-
nesium in both the medium and the bone suggests that
the relation between bone and extracellular fluid mag-
nesium is analogous to the ionization of a poorly dis-
sociated salt, with the magnesium in bone corresponding
to the undissociated salt.

DEFICIENCY IN ANIMALS

“Grass tetany” or hypomagnesemia in ruminant animals
is an example of the influence of the geochemical envi-
ronment on the health and disease of animals. In addition
to environmental deficiencies, agricultural practices as
well as the type of animal management system used can
have a bearing on this disease (Amos et al., 1975).

The nervous signs, clonic muscle responses, and death
resulting from acute magnesium deficiency were de-
scribed first in grazing, lactating cattle in the Netherlands
in this century. The syndrome was called “grass staggers”
and has since been recognized in cattle or sheep in most
temperate areas. A related syndrome called “transit
tetany” is occasionally seen in horses (Underwood, 1966).
Although the muscle spasms are a pathognomonic sign,
tetany is not primarily a disorder of muscle (Todd and
Horvath, 1970). One of the more extensive recent reviews
of grass tetany is that of Grunes et al.(1970).

In terms of animal losses, grass tetany ranks high as a
cause of fatalities in cattle and sheep, with fewer losses in
goats. Van der Molen (1964) reported that in 1963-1964
the fatal cases amounted to 2.7 percent of all dairy cows in
the Netherlands. Allcroft and Burns (1968) noted that 1.1
percent of all dairy and beef cattle in Scotland had grass
tetany each year; in Great Britain as a whole, 0.5 percent
of all dairy cows were affected. Butler (1963) reported that,
in the 41 percent of the herds in which grass tetany was
observed, the overall frequency of disease was 8.7 per-
cent, and in some herds as high as 10.9 percent mortality
occurred among animals that showed clinical signs of
grass tetany.

Herd (1966) reported grass tetany in Australian beef
and dairy cattle and in ewes, with overall mortality rates
of about 1 percent. Grass tetany is also a problem in many
parts of the United States. Hjerpe (1964) reported that, in
the previous winter in California, between 4,000 and
6,000 head of cattle died of grass tetany. In some herds, 20
percent of the cattle died. In West Virginia, however,
Horvath (1959) reported an incidence rate of less than 1
percent. Almost all tetany is found to occur in ruminants
that graze on pastures under a temperature range of 5°-15°
C (tHart, 1960).
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Grass tetany almost always occurs on grasses that grow
well in cool weather with good moisture conditions
(neither too dry nor too wet). In summer or in warmer
weather, grass tetany disappears, but it may appear again
when cool weather returns.

The most common forages inducing grass tetany are
ryegrass (Lolium perenne), crested wheatgrass (Agropy-
ron desertorum and Agropyron cristatum), orchardgrass
(Dactylis glomerata), soft chess (Bromus mollis), mouse
barley (Hordeum leporinum), wheat (Triticum aestivum),
rye (Secale cereale), and oats (Avena sativa).

The disease is most common in early lactation, gen-
erally in late winter and early spring, although autumn
tetany is known in Britain. It may follow efforts to in-
crease animal production by application of fertilizers,
especially those rich in nitrogen and potassium, or by the
seeding of new species of grasses (such as crested wheat-
grass in the western United States).

It would appear that the minimum level of magnesium
in forage required to prevent tetany is 0.20 percent (Van
der Molen and Padmos, 1965), with the proviso that high
levels of nitrogen and potassium in the forage may in-
crease the need for a higher level.

Thus, the presence of high levels of potassium or nitro-
gen in forage may be a major environmental factor in grass
tetany. Workers in California have been able to induce
grass tetany experimentally by administering a solution of
potassium chloride and transaconitic acid or citric acid.
Under these conditions, magnesium in the blood plasma
was reduced in 24 h; tetany did not occur, however,
unless both the acid and the potassium were adminis-
tered (Bohman et al., 1969).

As the level of magnesium in plants is a critical factor in
grass tetany, it is interesting that Embleton (1966)
suggests that if magnesium is below 10 percent of the
cation-exchange capacity of a soil, plants generally re-
spond to magnesium additions, suggesting that the plants
may be deficient. This observation, tied to the finding
that cool weather apparently results in a lower mag-
nesium uptake by the plants, suggests that environment
can influence the occurrence of grass tetany.

In Argentina, in the winter of 1963, an estimated 30,000
head of cattle died of grass tetany in Buenos Aires pro-
vince, includ:ng not only dairy cattle but steers and beef
breeding animals as well. In Santa Fe province, the dairy
province of Argentina, grass tetany is annually a major
hazard. One of the more common practices in Argentina is
to provide a source of magnesium in a mineral supple-
ment and to leave a crop of com in the field as a reserve of
dry matter when the animals are tumed on to the winter
pastures.

Although the distribution of grass tetany seems to corre-
late with low-magnesium soils (Barta, 1973), tetany is not
necessarily a simple deficiency disease. It has been de-
scribed as both a conditioned deficiency and a metabolic
disease. The condition seen in early calving cows (De-
cember to March in the United States) fed grass hay
containing 0.1 percent, or less, magnesium on a dry-
matter basis, appears to be simple deficiency, where the
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availability of the magnesium may be less than 30 percent
(Rook et al., 1958). When grazing commences, the avail-
ability of magnesium may drop to less than 10 percent
(Kempet al., 1961), largely because of interferences of the
following kinds:

e High levels of NH,* associated with high protein in
spring herbages (Head and Rook, 1955).

® Depression of magnesium levels in herbage by high
soil potassium, particularly if soil nitrogen is in excess
(Smyth et al., 1958; Kemp, 1960).

e Suppression of magnesium availability to the animal
by the effects of high forage potassium (Kunkel et al.,
1953; Suttle and Field, 1969; House and Van Campen,
1971).

e Suppression of magnesium availability by lipids,
which increase with nitrogen fertilization (Kemp et al.,
1966).

e Suppression of ionized magnesium in the blood by
organic acids such as citric or transaconitic acid in
browsed species such as crested wheatgrass (Burau and
Stout, 1965; Bohman et al., 1969).

® Endocrine involvement (Care, 1967).

Common preventive measures for grass tetany center
on oral supplementation during lactation (Bums and
Allcroft, 1967). Significant reductions of grass tetany in
lactating ewes (classified as severely hypomagnesemic)
have also been achieved by calcining residual clay loam
soils in West Virginia with dolomitic limestone (Horvath,
1973, personal communication). This is unexpected in the
light of studies in Britain (Todd, 1965) in which responses
to top-dressed magnesium were favorable on acid sandy
soils but limited on soils having higher cation-exchange
capacity.

DEFICIENCY IN HUMANS

For many years, the existence of a pure magnesium defi-
ciency state in humans was doubted. Yet, the existence of
the state has been established (Flink et al., 1954; Flink,
1956; Wacker et al., 1962) and is characterized by spas-
mophilia (Durlach et al., 1967), gross muscular tremor,
choreiform movements, ataxia, tetany, predisposition to
epileptiform convulsions (Hanna et al., 1960), hallucina-
tions, agitation, confusion, tremulousness, delirium, de-
pression, vertigo, and muscular weakness. It may also
show up as a low serum magnesium concentration as-
sociated with a normal serum calcium concentration and a
normal blood pH, a low-voltage T-wave in the electrocar-
diogram (Caddell, 1967), a positive Chvostek and Trous-
seau sign, and prompt relief of the tetany when the serum
magnesium concentration is restored to normal (Wacker
et al., 1962). Durlach (1967) proposes the presence of
other manifestations of clinical magnesium deficiency,
such as phlebothrombosis, constitutional thrombasthenia
and hemolytic anemia, an allergic or osseous form of the
deficiency, and oxalate lithiasis.

Because magnesium homeostasis involves more than
vascular space, simple determination of serum mag-
nesium does not always give a true indication of the total
body magnesium stores. Indeed, hypomagnesemia can
occur when the cellular content of magnesium is normal
(L'Estrange and Axford, 1964; Richardson and Welt,
1965), and cellular depletion may exist without a con-
comitant lowering of serum values (Montgomery, 1960;
Maclntyre et al., 1961; Fourman and Morgan, 1962).
Nevertheless, measurement of serum magnesium is a
quick, simple, and effective approach to the evaluation of
magnesium deficiency. If the clinical situation is sugges-
tive and serum values are normal, erythrocyte (red blood
cell) content and 24-h urinary excretion should be mea-
sured. If the magnesium content of erythrocytes or the
urinary excretion of magnesium is normal, magnesium
deficiency is very unlikely.

Production of a Pure Magnesium Deficiency in
Normal Individuals

It is difficult to achieve a significant magnesium deple-
tion by dietary restriction, because of the exceedingly
efficient renal and gastrointestinal mechanism for conser-
vation, although Dunn and Walser (1966) induced deficits
approaching 10 percent of the total body magnesium by
infusing sodium sulfate and adding calcium supplements
to the magnesium-deficient diet. In general, urinary mag-
nesium falls to trivial amounts within 4 to 6 days of
magnesium restriction (Fitzgerald and Fourman, 1956;
Barnes et al., 1960). Randall et al. (1959) reported that
severe body depletion of magnesium may result in psy-
chiatric and neuromuscular symptoms.

The best study to date of magnesium deficiency in man
is that of Shils (1964, 1969a, 1969b). Seven subjects were
placed on a magnesium-deficient diet containing 8.5 mg
of magnesium per day. Within 7-10 days, urinary and fecal
magnesium decreased markedly, and at the height of the
deficiency plasma magnesium fell to a range of 10-30
percent of control values. The red-cell magnesium de-
clined more slowly and to a lesser degree. All male
subjects developed hypocalcemia; the one female patient
did not. Marked and persistent symptoms developed only
in the presence of hypocalcemia. The serum potassium
concentration decreased, and, in four of the five subjects
in whom the measurement was made, the 4K pool
(that part of the organism in which 4K diffuses) was
decreased. The serum sodium concentration was not al-
tered significantly. Three of the four subjects with the
most severe symptoms also had metabolic alkalosis.

The most common neurologic sign was a positive
Trousseau sign. Electromyographic changes, charac-
terized by the development of myopathic potentials, and
anorexia, nausea, and vomiting also occurred. When mag-
nesium was added to the experimental diet, all clinical
and biochemical abnormalities were corrected.

Studies in young rats show that sensitivity to stimuli-
producing convulsions is correlated with a decrease in
serum, cerebrospinal fluid (csF) and brain magnesium
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concentrations (Chutkow and Grabow, 1972). Administra-
tion of magnesium to deficient animals produced a rapid
restoration of CSF magnesium while correction of cellular
defects requires several hours (Chutkow, 1974).

Clinical Conditions Associated with
Depletion of Magnesium

Fasting Prolonged fasting is associated with a continued
renal excretion of magnesium (Drenick et al., 1969). After
2 months of fasting with adequate intake of water and
vitamins, the deficit in some subjects may amount to 20
percent of the total body content of magnesium. The
excess acid load presented to the kidney and the absence
of carbohydrate intake might contribute to the persistent
loss of magnesium. The greater the acidosis, the greater
the excretion of magnesium. The ingestion of glucose
decreases the urinary loss of magnesium.

Surgery Surgery is followed by a negative magnesium
balance of approximately 3 days’ duration, similar to
changes observed after dietary restriction (Heaton,
1964). However, the loss usually does not result in
symptomatic magnesium deficiency (Macbeth and Mab-
bott, 1964; Monsaingeon et al., 1966; King et al., 1973).

Gastrointestinal Disease Magnesium deficiency has
been identified most often in patients with diseases of the
gastrointestinal tract. It occurs frequently in patients with
nontropical sprue (Balint and Hirschowitz, 1961;
Goldman et al., 1962; Fishman, 1965), other small-bowel
disorders associated with steatorrhea (Booth et al., 1963),
and also as a result of abdominal irradiation (Vallee et al.,
1960) or after resection of a large portion of the small
bowel (Fletcher et al., 1960; Wacker et al., 1962; Peter-
son, 1963; Opie et al., 1964). It is relatively common in
the postoperative period in association with prolonged
nasogastric suction combined with the administration of
large amounts of magnesium-free parenteral fluids (Flink,
1956; Flink et al., 1957; Wacker and Vallee, 1958; Vallee
et al., 1960; Kellaway and Ewen, 1962; Thoren, 1962;
Burhol et al., 1966; Matko, 1966) or in association with
intestinal and biliary fistulas (Fishman, 1965). Hypomag-
nesemia has also been reported in acute pancreatitis
(Edmondson et al., 1952) and alcoholic cirrhosis
(Stutzman and Amatuzio, 1952; Flink et al., 1955; Sulli-
van et al., 1963). Celiac disease may result in striking
magnesium loss in the stool, as high as four times the
dietary intake (Goldman et al., 1962). This remarkable
loss can be reversed by a gluten-free diet.

Steatorrhea itself may be an important cause of mag-
nesium loss, presumably owing to excretion of large
amounts of magnesium soaps following excess fat intake.

Excessive fecal loss of magnesium may also occur fol-
lowing large amounts of oral calcium supplementation. In
animals, magnesium absorption from the intestine varies
inversely with calcium intake, possibly because of com-
petition for a common transport system (Alcock and
MaclIntyre, 1962; Care and Van't Klooster, 1965). Data
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from humans with steatorrhea are in accord with animal
observations (Hanna et al., 1960; Booth et al., 1963). In one
case during recovery from prolonged profuse diarrhea, an
infant had convulsions associated with a low plasma mag-
nesium concentration. Larger amounts of cow’s milk in-
gested during recovery may well have activated
asymptomatic, diarrhea-related magnesium depletion
(Savage and McAdam, 1967).

In recent years, magnesium deficiency has been shown
to play a prominent part in the so-called protein—calorie
malnutrition syndromes. The magnesium content of mus-
cle is decreased (Metcoff et al., 1960; Montgomery, 1960;
Caddell and Goddard, 1967), whereas serum magnesium
concentrations may or may not be decreased even in
patients with reduced tissue concentrations (Montgom-
ery, 1960; Linder et al., 1963) in whom markedly lowered
urinary excretion is almost universally present. On in-
stitution of magnesium therapy, positive balance of mag-
nesium, as well as calcium, phosphorus, and nitrogen,
ensues (Montgomery, 1961; Linder et al., 1963).

In a group of extremely ill Nigerian children with
protein—calorie malnutrition, the symptoms of neuromus-
cular irritability (including tremors, tetany, and convul-
sions) and electrocardiographic changes (a short PR inter-
val and flattened to inverted lateral precordial T-waves)
suggested magnesium depletion. Parenteral administra-
tion of magnesium sulfate resulted in a statistically signif-
icant response (Caddell, 1967). Although the population
at risk had a relatively poor magnesium intake, the clini-
cal picture appeared only after prolonged diarrhea or
severe vomiting, reflecting a “‘conditioned deficiency.”

Magnesium deficiency has been observed in patients
with chronic bowel disease being treated by intravenous
hyperalimentation (Grand and Colodny, 1972) and in
acute bowel disease including asiatic cholera (Kobayaski
et al., 1972; Lim and Jacob, 1972). It also occurs as a
serious complication of jejunoileal intestinal bypass
surgery (Swenson et al., 1974).

Acute Alcoholism Patients exhibiting alcohol with-
drawal signs and symptoms (Mendelson et al., 1969) have
low serum and cerebrospinal fluid levels of magnesium,
low exchangeable magnesium levels (Martin and Bauer,
1962; Nielsen, 1963; Mendelson et al., 1965), a lowered
muscle content of magnesium (Jones et al., 1969), and
conservation of magnesium following intravenous load-
ing (McCollister et al., 1960). A transient decrease in
serum magnesium may occur during the withdrawal state,
even though prewithdrawal levels are normal. An
ethanol-induced increase of magnesium in the urine oc-
curs only when the blood-alcohol level is rising. It does
not persist once the subject has established high blood-
alcohol levels. Magnesium in red cells and plasma can be
abnormally low (Smith and Hammarsten, 1959). In-
tracellular fluid levels of magnesium, as reflected in the
erythrocyte, correlate better with clinical symptoms of
alcoholism than do extracellular fluid levels. Such mag-
nesium depletion in acute alcoholism most likely reflects
an inadequate intake of magnesium, but could also reflect
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increased excretion of magnesium in the urine and feces
(McCollister et al., 1963; Dick et al., 1969).

An abrupt and significant fall in serum magnesium
levels may occur following cessation of drinking. This fall
is associated with a transient decrease in concentration of
other serum electrolytes and with respiratory alkalosis
(Wolfe and Victor, 1969; Victor, 1973) and coincides with
the onset of neuromuscular hyperexcitability that charac-
terizes the withdrawal state (Mendelson et al., 1969). A
kinetic analysis of radiomagnesium turmover was per-
formed in a group of alcoholic subjects partly repleted
with respect to magnesium. Despite the continued pres-
ence of hypomagnesemia, there was little evidence of
continued depletion of magnesium in the extracellular
space or in the tissue pools (Wallach and Dimich, 1969).

Magnesium in the liver is decreased in cirrhosis (Wilke
and Spilemann, 1968) and appears to reflect mainly the
substitution of connective tissue of low magnesium con-
tent for high-magnesium parenchymal tissue.

Kidney Disease Decreased serum concentrations of
magnesium occur in patients with early renal disease,
including glomerulonephritis, hydronephrosis, pyelo-
nephritis, nephrosclerosis, and renal tubular acidosis
(Smith and Hammarsten, 1958; Wacker and Vallee,
1958; Hanna, 1961). The reduction is presumably due to
defective reabsorptive mechanisms. Hypermagnesemia
associated with azotemia was first reported by Salveson
and Linder (1923) and has been confirmed repeatedly
(Wacker and Vallee, 1958; Robinson et al., 1959; Randall
et al., 1964). In general, such hypermagnesemia cor-
relates positively with nitrogen retention. Hypermag-
nesemia also occurs in acute renal failure (Wacker and
Vallee, 1958).

The use of magnesium compounds in uremic patients
for their antacid or purgative properties is dangerous and
may produce toxic hypermagnesemia (Hoff et al., 1940).
There is at present little justification for magnesium
medication, unless hypomagnesemia is documented and
adequately monitored.

Magnesium Therapy for Renal Stones In the early
1960’s, it was reported that the administration of mag-
nesium oxide by mouth to patients with idiopathic recur-
rent calcium oxalate stones reduced the frequency of
stone formation. Since then, more extensive studies have
been carried out on fairly large series of patients with
recurrent urolithiasis and have confirmed the effective-
ness of magnesium alone or in conjunction with
pyridoxine in preventing stone formation. Neither the
biochemical alteration leading to stone formation nor
the mechanism by which magnesium (and pyridoxine)
prevents stone formation is known (Anonymous, 1976).
Martens and Harriss (1970) discuss the effects of mag-
nesium on the precipitation kinetics of calcium phosphate
(apatite) minerals, which are found in renal stones.

Diuretic Therapy Depletion of magnesium is likely to
occur as a result of diuretic therapy. The use of am-

monium chloride or mercurial diuretics can increase
renal excretion of magnesium (Jabir et al., 1957; Martin
and Jones, 1961; Smith et al., 1962). Symptomatic
hypomagnesemia, induced by mercurial therapy, has
been controlled by parenteral magnesium administration
(Smith et al., 1962). Increased urinary losses of mag-
nesium have been documented repeatedly with the ben-
zothiadizine diuretics, chlorothiazide, and hydro-
chlorothiazide (Wener et al., 1959; Hanze, 1960; Wacker,
1961; Glaubitt and Rausch-Stroomann, 1862; Mininni and
Zonno, 1962).

These considerations also appear pertinent to the use of
digitalis preparations along with these diuretic agents.
Although potassium supplements are usually prescribed
for patients receiving oral diuretics (particularly if they
are simultaneously receiving cardiac glycosides), other
mineral supplementation is rarely given. An increased
potential for arrhythmias occurs when cardiac glycosides
are administered to magnesium-deficient animals (Vitale
et al., 1961, 1963).

Hypomagnesemia is prevalent in patients with digitalis
toxicity and is associated with a high incidence of diuretic
use (Bellar et al., 1971, 1974). Patients with digitalis-
induced arrhythmias and hypomagnesemia respond
promptly when the magnesium deficiency is corrected.

Excessive Lactation Magnesium deficiency, manifested
as the tetany syndrome, may occur in women with exces-
sive lactation (Greenwald et al., 1963).

Exercise and Heat A decrease in serum magnesium
concentration, resulting from vigorous exercise, has been
demonstrated by Bellar et al. (1972); the serum mag-
nesium fell significantly from 24.18 = 0.49 mg/1 at the
start to 23.3 = 0.36 mg/1 at the end of a 90-min experi-
ment at room temperature. Eight other healthy subjects
were exercised at an ambient temperature of 49° C (27° C
wet bulb), conditions simulating a dry, desert environ-
ment. They showed a decrease in serum magnesium
content from 22.72 + 0.73 mg/1 at the start to 21.99 = 0.85
mg/1 at 45 min and 20.90 = 0.97 mg/1 at 90 min.

The magnesium content of sweat collected during
exercise ranged from 1.58 to 5.7 mg/l. This increased
water loss by sweating may well account for the observed
fall in serum magnesium concentrations. The magnesium
content of sweat does not decrease during heat acclimati-
zation (Consolazio et al., 1963). In contrast, serum potas-
sium concentration increases during prolonged exercise
(Rose et al., 1970).

EXCESS IN HUMANS

The symptoms of hypermagnesemia in man were first
noted as a result of pharmacologic studies of the Mg®* ion
as a potential anticonvulsant and anesthetic agent (Peck
and Meltzer, 1916). Infusions into animals and man led
to impairment of neuromuscular transmission (Somjen
et al., 1966).
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Cardiac conduction is affected at magnesium serum
concentrations of 60.8-121.5 mg/1, resulting in increases
of the PR wave interval and QRS wave duration and
increased height of the T-wave in the electrocardiogram.
Deep tendon reflexes are lost when the serum mag-
nesium concentration approaches 121.5 mg/l1 and res-
piratory paralysis and general anesthesia may occur near
182.3 mg/1. Extremely high serum concentrations (in ex-
cess of 303 mg/1) cause cardiac arrest in diastole (Wacker
and Vallee, 1958; Wacker and Parisi, 1968).

RECOMMENDATIONS FOR RESEARCH

1. Additional biological standards for magnesium
should be defined by the National Bureau of Standards.

2. The mineral solubility relations that control the
availability of magnesium in soils should be identified.

3. By the use of currently accepted analytical methods,
the total magnesium content of various animal and human
foods should be determined.

4. The relative importance of the various conditioning
factors that govern the availability of magnesium to
animals and humans should be determined.

5. An estimate should be made for the U.S. population
as a whole to evaluate whether the recommended daily
requirement of magnesium is being received.

6. A random sample of humans should be studied to
determine whether excess magnesium intake (up to 1
g/day) has any beneficial effect.

7. A conference on magnesium metabolism is needed.
This conference should include soil scientists, plant
nutritionists, animal nutritionists, veterinarians, human
nutritionists, and physicians and should serve to update
knowledge and promote the transfer of information among
these diverse, but necessarily related, disciplines. The
symposium could be modeled after the Symposivm on
Magnesium and Agriculture, held at West Virginia Uni-
versity, in Morgantown, in 1959 (Beeson, 1959).
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This chapter summarizes and highlights the significant
facts known about manganese in the rock-soil-plant-
animal chain and includes a discussion of its metabolism
in plants, animals, and man in terms of both deficiencies
and excesses. Attention to excesses of manganese be-
comes more relevant as man alters the manganese level in
the environment by his present industrial activities. The
potential substitution of manganese for lead in gasoline,
and its potential consequences, will also be discussed.

GEOCHEMISTRY

The manganese concentration in the major rock types of
the world varies widely. A summary of manganese in
rocks and sediments is presented in Table 1. The range of
total manganese content in soils and other regoliths of the
conterminous United States is from <1 to 7,000 ppm with
a geometric mean of 340 (Shacklette et al., 1971). Many
soils of the United States are formed from unconsolidated
deposits of mixed rock origin. Among these soils, the
sandy soils of the Southeastern Coastal Plain have the
least amount (<100 ppm) of total manganese (Marbut,
1935; Shacklette et al., 1971). Appreciably larger amounts
of manganese occur in soils formed in unconsolidated
deposits of the more arid regions; for example, a geomet-
ric mean of 600 ppm of manganese occurs in surface
horizons in a wide range of California soils and somewhat
lower amounts (470 ppm) in subsoil horizons (Bradford et
al., 1967). The regional patterns of total manganese in
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soils reflect the influence of rock sources on soil parent
materials and the nature of unconsolidated deposits on
which soils are formed, as well as manganese losses
through soil weathering.

Stream sediments and alluvial soils on floodplains gen-
erally reflect the manganese concentration of soils of the
surrounding uplands. Consequently, differences in the
manganese concentrations of fine-textured sediments
may be found. For example, the clayey and silty sedi-
ments of the Rhine and Ems rivers and their estuaries in
Europe have from 1,800 to 3,300 ppm of manganese (De
Groot et al., 1971).

The more prominent manganese minerals identified in
sediments and soils are: bimessite [MnO; to (Na, Ca)
Mn;0,); A-MnO, (where x =15 to 1.99); todorokite
{((Mn?*, Mg, Ca) Mn*0,-2H,0]; lithiophorite
[Li;Mng2*Al;Mn,,**O;5 - 14H,0]; hollandite [Ba(Mn?*,
Fe'*) Mn;**Oy]; psilomelane [BaMn?*Mng**O,4(OH),];
cryptomelane [a-MnO,; to K(Mn?**, Mn**),0]; nsutite
[v-MnQO;]; rhodochrosite [MnCQ;]; alabandite [MnS];
pyrolusite [8-MnQ;]; and hausmannite [Mn,0,] (Tiller,
1963; Taylor et al., 1964; B.]. Anderson, unpublished
data).

The available manganese status of soils has largely
been estimated by determining the amount of the secon-
dary forms of manganese released with various soil ex-
tractants. A consideration in the evaluation of the extract-
able forms of manganese is the fact that the amounts of
manganese available to plants under natural conditions
strongly reflect changes in the oxidation-reduction status
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of soils, especially due to changes in soil wetness and in
soil pH. The primary minerals in soils are less important
as sources of manganese for plant growth than are the
secondary forms of manganese. The secondary forms, in
general, are amorphic and represent the bulk of the active
manganese fraction in soils. These mineral sources, and
soil organic matter, appear to be the important sources of
manganese for plants.

Manganese occurs primarily as the divalent ion in wat-
ers and soil solutions (Mn?** >> Mn** > Mn®*). The con-
centrations of Mn** are very low because of the low
solubility of manganese dioxide minerals. The concentra-
tions of Mn** are low because they readily reduce to Mn**
and because of the disproportion reaction:

2Mn** + 2H,0 = Mn** + MnO, + 4H".

Dissolved manganese occurs as the free hydrated diva-
lent ion and forms several inorganic complexes. In both
fresh and marine waters, the predominant complexes are
MnHCO;*, MnSO,°, MnCl*, MnF*, and MnOH* (Mor-
gan, 1967; Hem, 1970; B. F. Jones, oral communication,
May 1973). Manganese shows less tendency to form com-
plexes with natural organics than do other first-transition-
series elements.

Because of the unique susceptibility of manganese
oxides to dissolution with decreasing redox potentials,
the concentration of dissolved manganese in natural wa-
ters and in soil solutions usually fluctuates more than does
the concentration of other first-transition-series elements.
In a recent study in Missouri, the manganese content
(geometric mean) of groundwaters in seven geohy-
drologic units ranged from <0.01 to 0.87 ppm (U.S. Geo-
logical Survey, 1972). Marine waters range from 0.00004
to 0.016 ppm but generally fall between 0.0002 and 0.005
ppm (Slowey, 1966). Because of a presumed redox reac-
tion between Mn** and Fe?*, Fe** does not generally
begin to dissolve in significant amounts with a decrease
in redox potentials until nearly all of the Mn** has been
reduced to Mn?* (Jenne, 1968). Oxygenation of acid
anoxic waters, such as acid mine drainage, results in the
rapid precipitation of amorphic Fe(OH);, but the precipi-

tation of manganese oxides occurs more slowly. In con-
trast to the less abundant first-transition-series metals,
whose solute concentrations in waters are generally lim-
ited by sorption and coprecipitation processes, solute
concentrations of manganese in waters and soils are prob-
ably limited by the solubility of the minerals listed above.
In oxygenated waters, the solubility of manganese oxides
probably controls the concentration of dissolved man-
ganese. In mildly reducing systems, MnCO;, is most likely
to be the predominant control, whereas in anoxic systems
both MnS and MnCO; serve as controls.

The 1962 Public Health Service drinking water stan-
dards list 0.05 ppm as the maximum permissible concen-
tration of manganese, although this is presumably for
esthetic and economic reasons. A concentration of 0.1
ppm is sufficient to cause undesirable discoloration when
used for household purposes and may deposit in plumb-
ing (Myers, 1961).

No information has been found that would indicate the
relative availability of solute and particulate forms of
manganese to fresh- or marine-water biota. For other than
detritus feeders, all indications are that the uptake of trace
elements is related to the solute concentration rather than
the quantity in the particulate fraction, although the latter
may be the greater by orders of magnitude. The various
oxides, and the carbonate, sulfide, and natural organic
compounds, are then the principal trace element sources
for aquatic detritus feeders. No information is available
regarding the relative availability to biota of manganese
in these forms.

Chelation Chemistry of Divalent Manganese

Manganese, as noted above, is located in the first-
transition-element group. In biological systems, Mn?* al-
most always forms octahedral coordination compounds
(Orgel, 1958). Divalent manganese forms primarily high
spin complexes because it is a d* ion, requiring the CN~
ligand to bring about a low spin complex (Orgel, 1963).
The ligand preferences for Mn?* are similar to those of
magnesium (i.e., those containing oxygen ligand atoms)
except that Mn?* has a greater preference for histidine (at

TABLE 1 Crustal Abundance of Manganese and Content in Rocks and Sediments

Crustal Abundance and
Rock Type Mean Concentration, ppm Source

Crustal abundance 950 Riley and Chester, 1971
Shale, average 850 Krauskopf, 1967
Carbonates, average 1,100 Krauskopf, 1967
Carbonates, deep sea 1,000 Riley and Chester, 1971
Clay, deep sea 6,700 Riley and Chester, 1971
Near-shore sediments 8,500 Riley and Chester 1971
Granitic 500 Wedepohl, 1969
Intermediates 1,060 Wedepohl, 1969
Gabbroic-basaltic 1,430 Wedepohl, 1969
Peridotitic-anorthositic 1,210 Wedepohl, 1969
Alkalic 1,439 Wedepohl, 1969
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the N, position), NH,, and SH groups (Orgel, 1958). The
formation constants or stability constants of Mn** with
oxyanions such as organic acids and phosphates are more
or less in the same order of magnitude as those for Mg**
(Mahler, 1961). Since the coordination number of Mg** in
biological systems is also almost always six, one might
predict, and does find, that these two ions can be inter-
changed in the in vitro activation of many enzyme sys-
tems.

The basis for the antagonistic effects between iron and
manganese reported for plants (Somers and Shive, 1942)
and animals (Matrone et al., 1959) also might be predicted
on the similarity of the chemical parameter enumerated
above, i.e., Mn** and Fe®* are both d*® ions and both
preferentially form octahedral complexes (Orgel, 1958;
Matrone, 1969).

DEFICIENCY AND EXCESS OF MANGANESE
IN PLANTS

Characteristic symptoms of manganese deficiencies and
toxicities are well documented for a wide range of plants,
and changes in manganese concentrations with onset of
deficiency or toxicity have been established (Labanaus-
kas, 1966).

Deficiency

Specialized crops, fruit trees, and ornamental plants are
especially sensitive to a deficiency of manganese
(Labanauskas, 1966). Levels of 20 ppm of manganese in
leaves appear to be an indicator of a deficiency of man-
ganese for plant growth, independent of possible as-
sociated deficiencies due either to zinc or iron. Foliar
applications, fertilization, and control of soil pH are used
to increase the manganese supply for common crop
plants.

While various aspects of manganese behavior in plants
are known, recent reviews (Epstein, 1972; Price et al.,
1972) indicate that there is an absence of general agree-
ment on the specific role of manganese in the growth of
plants. A notable observation is the absence of in vitro
specificity of manganese in enzymatic systems of plants.
A deficiency of manganese results in a disorganization of
plant chloroplasts, but marked changes in lamellar mem-
branes of chloroplasts have not been observed (Anderson
and Pyliotis, 1969). A possible requirement of manganese
for the activation of the Hill reaction in photosystem 11 of
photosynthesis has also been suggested (Cheniae, 1970).
It has been observed that evolution of O, is associated
with the loosely bound fraction of the manganese of
chloroplasts (two-thirds of total manganese), and not with
the firmly bound fraction (one-third manganese).

Excess

The existence of both a passive (nonmetabolic) and a
metabolically dependent pathway of manganese uptake
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by plants has also been recognized (Moore, 1972). In the
presence of an excessive supply of manganese, the uptake
of manganese continues with a consequent buildup of
manganese in the vegetative parts of plants. Most crop
plants appear to tolerate as much as 200 ppm of man-
ganese in their tissues without showing adverse effects.
Under field conditions, excesses of manganese are most
often observed in plants grown on acid soils. Rice appears
to have a wide range of tolerance for manganese, ranging
from 20 ppm in the deficient range to as much as 2,500
ppm in the toxic range (Tanaka and Yoshida, 1970).
Whether the manganese concentrations noted in the
leaves of rice are reflected in grain remains undeter-
mined.

Toxic levels of manganese determined for common
crop plants, however, are not applicable to native shrubs
and trees. In humid areas, these plants grown on acid
soils have 1,000 ppm or more of manganese (Smith et al.,
1956; Gerloff et al., 1964; Stone, 1968; and Kubota et al.,
1970). Emergent and submerged aquatic plants also have
large amounts of manganese. Of 18 species, 10 were
found to have from 1,650 to 5,130 ppm of manganese
(Boyd, 1968).

Soil Patterns of Deficiences and Excesses for Plants

Broad patterns of low and high areas of manganese in
plants are difficult to depict geographically in relation to
soil or geochemical environment. An absence of such
patterns reflects the fact that deficiences or excesses of
manganese are often species-dependent and vary widely
with kinds of crop plants and with soil and crop manage-
ment practices. In the United States, for example, a defi-
ciency of manganese is most often associated with natu-
rally wet areas that have been drained and cropped to
soybeans (Kubota and Allaway, 1972). The leaching losses
of available soil manganese and the presence of cal-
careous subsoils appear to be the dominant factors in the
distribution of the manganese deficiences observed. In
areas of calcareous soils where soil manganese availabil-
ity to plants is low, manganese deficiency often is ob-
served in relatively manganese-sensitive plants.

DEFICIENCY AND EXCESS OF MANGANESE
IN ANIMALS

Deficiency

Kemmerer et al. (1931) and Orent and McCollum (1931)
were the first to demonstrate the essentiality of man-
ganese for mammals. These investigations reported ab-
normal estrus cycles, failure to properly nourish the
young, and decreased growth rate in mice; many of the
young were born dead or weak, and, when analyzed, their
tissues contained less than half the concentration of man-
ganese found in normal, manganese-supplemented con-
trols.

Shils and McCollum (1943) observed that a deficiency
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of manganese in rats was associated with altered estrus
cycles and a decrease in the functional capacity of mam-
mary tissue. These investigators distinguished three de-
grees of deficiency, in order of severity: stage 1—viable
young are produced but have incoordination or paralysis;
stage 2—nonviable young are born, but die soon after
birth; stage 3—estrus irregular, depressed, or absent;
delay in opening of vaginal orifice, and failure to mate.
Although reproduction in rats was deranged, their ovaries
did not reveal any marked alterations as a result of the
deficiency.

Manganese deficiency in cattle also is associated with
slow, irregular estrus cycles and problems in conception;
calves born to manganese-deficient cattle are weak and
frail. Cows with adequate manganese have about 2 ppm
manganese in the ovaries, while deficient cows average
<1 ppm (Bentley and Phillips, 1951).

Plumlee et al. (1956) reported that female weanling
pigs fed a diet low in manganese through one complete
reproductive cycle (generation) had irregular estrus cy-
cles, fetal resorption, and gave birth to small, weak pigs
with reduced skeletal growth.

Thus, in many species of animals, manganese is a
demonstrated essential element for normal reproduction,
including conception, fetal growth and development, and
normal growth during the postnatal period.

In addition to its importance in reproduction, man-

ganese is essential to normal skeletal development (Cas-
key and Norris, 1938; Gallup and Norris, 1939; Hurley
and Everson, 1963; Leach, 1971). In manganese-deficient
animals of several species, bones are generally short,
light, and fragile. The defect in formation of bone has
recently been associated with a derangement in the
chemical composition of the organic matrix of cartilage
and bone (Leach, 1967). Manganese-deficient chicks have
decreased amounts of tissue mucopolysaccharide
(hexuronic acid); this may, in turn, relate to a requirement
for Mn** by glycosyl transferase enzymes, including those
needed for the synthesis of chondroitin sulfate (Leach et
al., 1969; Leach, 1971).

Ataxia (incoordination) was observed and described in
the early studies on manganese deficiency. Norris and
Caskey (1939) reported congenital ataxia in chicks defi-
cient in manganese. The same symptoms have been ob-
served in rats (Shils and McCollum, 1943; Hurley et al.,
1958), swine (Plumlee et al., 1956), and guinea pigs
(Everson et al., 1959). Mice deficient in manganese were
unable to maintain orientation when submerged in water
(Erway et al., 1966). It is clear, then, that a consistent set
of clinical symptoms occurs in manganese deficiency,
including incoordination and lack of equilibrium. Hurley
and Everson (1959), Hurley et al. (1960), and Erway et al.
(1966) have revealed that the primary defect is delayed
development of the osseous labyrinth and an absence of
utricular and saccular otoliths of the vestibular portion of
the inner ear.

Despite the many studies of the essentiality of dietary
manganese, actual dietary requirements of manganese for
different species of animals, including man, are largely

surmised rather than definitive estimates. It would ap-
pear that the manganese required for reproduction may
be greater than for growth. The evidence seems clear,
however, that birds require more manganese than do
mammals (Underwood, 1971). The requirement for birds
is approximately 50 ppm of the total diet. For other
animals, the estimates run from approximately 5 to 40
ppm (Cotzias, 1962; Underwood, 1971).

The difficulties in obtaining uniform estimates of the
manganese requirements of animals are due, in part at
least, to the level of antagonistic factors in different diets.
A number of investigators have reported that the dietary
levels of calcium and phosphorus affect the availability of
dietary manganese. Excessively high intakes of calcium
and phosphorus have been reported to accentuate the
dietary requirements for manganese of swine (Miller et
al., 1940), poultry (Mitchell, 1947), and calves (Hawkins
et al., 1955). Wachtel et al. (1943) found that high cal-
cium : phosphorus ratios in the diet of rats aggravated
manganese deficiency. Lassiter et al. (1972) report con-
flicting results; rats fed diets with low calcium : phos-
phorus ratios increased *Mn excretion via feces and
urine, and their tissues retained much less manganese.

The involvement of manganese as a metal activator of
many enzyme reactions has been recorded in several
reviews (Cotzias, 1962; Mahler, 1961; Vallee, 1962). Inin
vitro experiments, Mn?* appears to substitute for Mg**
wherever ATP (adenosine triphosphate) is involved in the
enzyme reaction. Specificity of manganese in enzyme
reactions, however, has been difficult to establish. Defini-
tive evidence has been obtained that pyruvate car-
boxylase isolated from chicken mitochondria is a
manganese-containing metalloprotein (Scrutton et al.,
1966). The evidence for liver arginase containing man-
ganese (Bentley and Phillips, 1951; Bach and
Whitehouse, 1954) is less certain.

Cotzias et al. (1972) have demonstrated in the pallid
strain of mutant mice a link between the transportation
of manganese and that of L-dopa (L-3,4-dihy-
droxyphenyalanine) into the brain. This mutant ex-
hibits congenital ataxia that can be prevented in offspring
by feeding large amounts of manganese to mothers during
pregnancy; furthermore, it is insensitive to the cerebral
effects of L-dopa. These findings are in contrast to those
with black C57B1/6] mice (different by one gene), which
show neither large requirements for manganese nor ab-
normal cerebral responses to L-dopa.

Although brain concentrations of manganese are di-
minished in Purina-fed pallid mice, the intraperitoneal
injection of L-dopa, and of L-tryptophan, produces smaller
brain increases of L-dopa, dopamine, and serotonin in
pallid mice than in black mice. Thus, a single gene
appears to influence the transport into the brain of man-
ganese and of two amino acids in the same direction—if
pallid and black mice indeed differ by only a single gene.

Finally, a large body of in vitro work shows manganese
to be an antagonist of Ca?* in functions pertaining to
release of acetylcholine and norepinephrine from motor,
splenic, or vascular terminals. Ca** increases the release
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of these neurotransmitters, while manganese blocks it
(Molinoff and Axelrod, 1971).

Excess

Metabolic Effects Animals fed a diet adequate in re-
spect to other essential nutrients can tolerate high con-
centrations of dietary manganese, such as 1,000 ppm or
more. The primary target of excess manganese appears to
be iron metabolism. Hartman et al. (1955) showed that
2,000 ppm of manganese in the diet interferes with
hemoglobin regeneration in lambs; Matrone et al. (1959)
reported that this is also true for baby pigs and rabbits. In
the experiments reported by Matrone et al. (1959), 2,000
ppm of manganese also decreased the rate of weight gain
in baby pigs. When the iron content of the basal diet was
increased from 25 ppm to 400 ppm, the depressing effect
of 2,000 ppm of dietary manganese on hemoglobin regen-
eration was relieved.

Susan D. Potter and Cennard Matrone (unpublished
data, 1973) raised weanling female mice on diets contain-
ing several levels of manganese, including a highest level
of 2,000 ppm; when they reached maturity, the mice were
bred to determine the effect of high manganese on growth
and reproduction. The only tested level of manganese
that appeared to affect growth and/or reproduction was
2,000 ppm.

Hartman (1956) found that the rate at which orally
administered radioactive *Fe was incorporated into the
red blood cells of phlebotomized anemic rabbits was
slower for those animals receiving 2,000 ppm dietary
manganese, as compared to control animals, whereas Fe
administered intravenously was incorporated in red
blood cells at an equal rate for both experimental groups.
The results suggested to these authors that manganese
interfered with iron absorption. Other reports, however,
indicate that the effect of excess dietary manganese in
iron metabolism is more complicated. Diez-Ewald et al.
(1968) reported that rats fed high doses of manganese had
decreased stores of iron in their livers and an increased
gastrointestinal absorption of iron. However, these inves-
tigators recognized that the etiology of the iron deficiency
they observed might have been related to the demon-
strated increase in gastrointestinal blood loss, which oc-
curred under the conditions of their experiment.

Incorporation of manganese into the porphyrin
molecule of red cells and increased gastrointestinal ab-
sorption of manganese have been reported in iron defi-
ciency (Borg and Cotzias, 1958; Pollack et al., 1965).
Matrone et al. (1959) estimate the minimum level of
dietary manganese capable of affecting hemoglobin for-
mation is only 45 ppm for anemic lambs and lies between
50 and 125 ppm for anemic rabbits and baby pigs. It is
apparent from these reports that the interrelationships of
the metabolism of iron and manganese remain to be
elucidated. Nonetheless, it also seems clear that rather
high levels of dietary manganese are necessary, when
adequate iron is present in the diet, before an adverse
effect on iron metabolism occurs. The reason for the
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toleration of large concentrations of dietary manganese
may involve the homeostatic mechanism for maintaining
body manganese. As elucidated by Britton and Cotzias
(1966), this is due to controlled excretion rather than to
regulated absorption.

Neurological Effects Experimental studies of man-
ganese intoxication in animals are few and are most con-
cemed with neuronal changes. In experimentally in-
duced chronic manganese intoxication in dogs, Makar-
cenko (1956) reported that the first disorder observed is
an alteration of the “higher nervous activity,” which
suggests a decrease in the ability to form conditional
reflexes. Wasserman and Mihail (1964) suggest that the
modification of the electrical excitability of the
neuromuscular apparatus in manganic patients indicates a
lesion of the cerebral functional centers, particularly in
the cerebral cortex. In the one patient tested, intelli-
gence, as measured by the Wechsler Adult Intelligence
Scale, was normal (Rosenstock et al., 1971).

The first experimental studies outlining the
neurobehavioral effects of manganese intoxication in
nonhuman primates were conducted by Mella (1924)
using the common rhesus monkey (Macaca mulatta).
Four monkeys were given MnCl, every other day for 18
months, the dose increasing from 5 mg per day to 15 or
25 mg. Mella reported: “The monkey at first develops
movements which are choreic or choreo-athetoid in type,
later passing into a state of rigidity accompanied by dis-
turbances of motility; then fine tremors of the hands
appear, and finally contracture of the hands with the
terminal phalanges extended.”

Direct exposure of a monkey (M. mulatta) to man-
ganese ore dust containing 50 percent MnO,; was tried by
van Bogaert (1943) for 1 h daily for 100 days. Another
monkey was given MnSO, (about 10-15 mg) daily for 300
days in its food. The animal exposed to the dust de-
veloped neurological symptoms of ataxia, wide-based
gait, and intensive tremor; paralysis of the hind limbs
appeared later. The other animal did not develop
symptoms. Six months after termination of the treatment,
chemical analysis detected no manganese in the organs of
the animal poisoned through the respiratory tract; how-
ever, cerebellar atrophy, particularly in the Purkinje cells
and granule cells, was observed, but there was no
cytologic damage to the globus pallidus. Damage was
instead scattered throughout the central nervous system,
including the spinal cord.

Pentschew et al. (1963) gave two weekly intramuscular
injections (50 mg each) of manganese dioxide to each of
five mature rhesus monkeys; they observed symptoms of
intoxication about 9 months after the first injection, at
which time the animal became very excitable, especially
when approached or confronted by people. In jumping,
the animal often fell on its heels or buttocks instead of on
its feet. In addition, there was general clumsiness, and in
moving about there was a resemblance to moderate ine-
briation. No cogwheel phenomenon, tremor, or involun-
tary movements were observed.
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Wasserman and Mihail (1964), in reviewing the ex-
perimental literature, concluded that all experimental
studies undertaken between 1921 and the date of their
writing “have always succeeded in reproducing in the
animal the morphological lesions of the central nervous
system by the administration of manganese compounds if
the doses and exposure times were sufficient.”

However, real differences probably exist in the sen-
sitivity of various species and in the manner in which
they express the intoxication. Even within the primate
order, there are wide differences among the species, both
in the outward manifestation of manganese intoxication
and in the histopathologic picture. The generality of the
behavioral and neurological changes is difficult to assess
quantitatively, because some investigators have
doubtlessly overlooked alterations of potential signifi-
cance. It is also likely that in some species the symptoms
may be so subtle that they cannot be noticed without
special procedures. In addition, the correlation between
symptom and pathology is still obscure.

In some species, behavioral changes are evident even
though histological alterations cannot be found. Squirrel
monkeys (Saimiri sciureus) injected subcutaneously
either two or three times with 200 mg MnO; at monthly
intervals began showing signs of muscular rigidity, flexor
posturing of the extremities, or fine rapid tremors of the
distal extremities 2 months after the first injection (Neffet
al., 1969). Two of the monkeys were unable to climb
about the cage when prodded; one exhibited an exagger-
ated startle reaction, hitting its head on the cage ceiling
when approached, a symptom noted also by Pentschew et
al. (1963). Some monkeys exhibited “obstinate progres-
sion,” which reached near somersault proportions. De-
spite marked reductions in the dopamine and serotonin
content of the caudate nucleus, there were no histo-
logical changes in the cerebral cortex, caudate nucleus,
thalamus, hypothalamus, subthalamic nucleus, substantia
nigra, cerebellum, or other areas of the lower brain stem,
whether in neurons, glial elements, or vascular supply.
This is further evidence that clinical and biochemical
abnormalities may precede the histological changes and
suggests that some of the clinical manifestations are pri-
marily biochemical, not anatomical, in nature.

Behavioral changes following intoxication have
scarcely been reported, and dose-response relationships
are unknown; nevertheless, of all experimental animals,
the mimicry of human symptoms is greatest in chimpan-
zees. Single injections in rhesus monkeys are without
apparent effect, and repeated intramuscular injections of
MnO; at levels of 500 mg/kg of body weight produces
deranged milk production and secretion (Riopelle, 1969).
The effects observed in chimpanzees were considerably
more elaborate, although the testing performed was in-
adequate and informal. Approximately 3 months after
injection of MnO, at 500 mg/kg in multiple sites of two
young chimpanzees (about 4 and 8 yr old), gross activity
decreased. The animals held unusual positions and pos-
tures for up to 30s. In general, their deportment was
similar to that before the injections, but the time course of

any action was slowed somewhat, and vigorous activity
was absent. A first sign of effects was difficulty in climb-
ing a fence or in returning to the ground. The lower lip,
which often droops in chimpanzees, drooped more than
normal in manganese intoxication. The subsequent
course of the illness in the chimpanzees was rapidly
downhill. A masklike motionless expression became ob-
vious, periods of somnolence and possibly unconscious-
ness were exhibited, and locomotion became virtually
impossible. Cogwheel rigidity was absent. Athetoid ex-
tension and dystonic posturing of their fingers and arms
was evident.

Gibbons (Hylobates lar) injected in a similar manner
exhibited little change other than a tendency to hang on
the fence and to walk bipedally slower than they did

before injection.

METABOLISM OF MANGANESE IN MAN

Homeostatic Mechanism

Ingested manganese and most of the manganese in-
haled are eventually absorbed in the intestine, i.e.,
brought up through muco/ciliary action and swallowed
(Mena et al., 1969). A small fraction (3 percent of
a measured dose) is absorbed (Mena et al., 1969),
and concentrates rapidly (Mena et al., 1967) in organs
rich in mitochondria, such as the liver, pituitary, or
pancreas (Cotzias et al., 1971). Homeostasis of manganese
is efficiently controlled by the excretory route (Cotzias et
al., 1068; Mahoney and Small, 1968). The liver excretes
manganese to the bile, and the rate of clearance is a
function of body burden (Cotzias et al., 1968). Normal
individuals excrete *Mn from the total body with t;
(half-life) of 37 = 7 days, while miners who have been
overexposed (air concentrations of stable **Mn > 5 mg/m?)
excrete ¥Mn with t,; of 15 = 2 days (Cotzias et al., 1968).
Whole blood concentrations in these two populations are
25+ 1.6 and 11 * 1.1 ug/l, respectively (P < 0.001). High
blood concentrations of manganese are indicators of ex-
posure to the metal, but not necessarily of manganese
poisoning. The miners have apparently developed the
capacity to excrete manganese more rapidly than nonex-
posed individuals.

Possible individual susceptibility has been related to
variations in the intestinal absorption of manganese;
these are rather rare cases, however. Anemic individuals
with increased iron absorption also have increased man-
ganese absorption (Mena et al., 1969). Absorption of *Mn
in a normal man is 3 + 0.5 percent and in anemic patients
is 7.5 + 2 percent, while *Fe absorption was 11 + 10
percent and 64 + 22 percent, respectively (Mena et al.,
1969). Information on absorption of manganese in infants
is not available. These factors must be considered in
studying chronic overexposure to small amounts of man-
ganese and in analyzing susceptibility to massive overex-
posure to manganese. The latter leads to manganese
poisoning.
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HEALTH EFFECTS OF MANGANESE
EXCESS

Chronic manganese poisoning is an environmental dis-
ease of manganese miners and of workers in manganese
mills. It occurs most frequently in the manganese mining
villages of Russia, India, North Africa, Yugoslavia, Cuba,
and Chile (Mena et al., 1967). Its estimated incidence is
as high as 25 percent of the exposed population in some
areas and as low as 2-4 percent in Chile. It occurs after
variable periods of exposure to ore dust by inhalation.

Symptoms

Chronic manganese poisoning has both psychiatric and
neurological manifestations, the most crippling of which
have been related to the extrapyramidal system of the
brain. The psychiatric symptoms are transient, but the
neurological damage may be irreversible, although some
patients experience partial regression of their
symptomatology after early removal from exposure
(Mena et al., 1967).

Consistently appearing in all cases in Chile, but nota-
bly absent in reports from steel foundries and ore-
crushing plants in the United States (Greenhouse, 1971),
has been the occurrence of a psychotic period at the onset
of the disease, defined by the villagers as “manganic
madness.” It is characterized by hallucinations, delu-
sions, and compulsions; in most cases, the patients are
aware of the abnormal nature of these phenomena. The
psychosis lasts from 1 to 3 months, whether or not the
patients are immediately removed from the mines (Mena
et al., 1967). Toward the end of the psychotic period, or
immediately after it, neurological symptoms characteris-
tic of extrapyramidal involvement emerge. In the Chilean
patients, these included loss of facial expression, rigidity,
slowness of movements, diminution of postural reflexes,
and impairment of speech. A few patients developed a
dystonia similar to the spontaneously occurring dystonia,
musculorum deformans. In one study of U.S. workersina
crushing plant, rigidity was notably absent, while the
slowness (hypokinesia) and impairment of balance were
predominant (Rosenstock et al., 1971).

Background for Treatment

The successful treatment of Wilson's disease with metal-
binding agents seemed to provide a precedent for treating
chronic manganese poisoning, since the two diseases
present some clinical similarities. This notion was
weakened when excesses of manganese were found only
in the tissues of healthy, exposed manganese miners,
whereas crippled ex-miners who were no longer exposed
had cleared these loads. Their brain damage seemed to
have been caused by flooding with manganese, but their
symptoms persisted after such flooding had been termi-
nated. Even if some parts of their brains still contained an

Manganese 35

excess of metal, this must have been in a tightly seques-
tered state; it thus appeared that the brain had suffered a
structural injury due to manganese.

Similarity to Parkinsonism

Manganese poisoning has many features in common with
Parkinson’s disease, in which the structural damage to the
brain consists of depigmentation of the substantia nigra
and the metabolic changes consist of diminished melanin
in the substantia nigra and diminished catecholamines
and serotonin in the corpus striatum (Neff et al., 1969).
The function of melanin is still unknown, but the
biogenic amines are neurotransmitters. Upon systemic
administration, these amines are bound or inactivated in
the periphery and are prevented from entering the brain;
therefore, inactive precursors must be administered from
which they can be synthesized by the brain. A common
precursor of both melanin and catecholamines is the
amino acid 3,4-dihydroxyphenylalanine (dopa). The ad-
ministration of L-dopa to Parkinsonian patients was found
to improve them significantly, regardless of the cause of
the disease (Committee on Biologic Effects of Atmo-
spheric Pollutants, 1973); this suggests that the metabolic
sequelae were related to the localization, not to the na-
ture, of the brain damage.

Although the pathology of chronic manganese poison-
ing has not yet been sufficiently studied, it was specu-
lated that at least some of the symptoms common to the
two diseases might be due to similar metabolic sequelae
within surviving neurons. In Parkinson’s disease, slowly
increasing doses of L-dopa have produced marked im-
provement of rigidity and hypokinesia, and high doses
have decreased or stopped tremor. During treatment,
some previously hypokinetic patients have developed
involuntary movements; other side effects have been the
emergence of mental aberrations and intermittent loss of
the therapeutic action of L-dopa (Cotzias et al., 1971).

Response to L-Dopa

In manganic patients, the response to L-dopa has been a
function of the neurological pattern of symptoms. Rigid,
hypokinetic patients with loss of postural reflexes and
impairment of gait have responded to doses greater than
3 g per day with marked to total reduction of rigidity,
improvement of postural reflexes and gait, and correction
of hypokinesia, but no improvement of speech (Mena et
al., 1970). The therapeutic effects lasted while L-dopa
was given (for periods of up to 4 yr), but the symptoms
reemerged after 7 to 10 days on placebo therapy. Notably
absent in these patients have been side effects such as
involuntary movements, mental aberrations, or intermit-
tent loss of therapeutic effect. Several of these patients
returned to minor menial jobs.

In a second pattern of symptoms, dystonic manganic
patients were given doses of 4 to 5 g of L-dopa per day
with improvement of the dystonia and diminution of the
passive muscular tonus. However, physical strain and


http://www.nap.edu/catalog.php?record_id=19929

36 THE RELATION OF OTHER SELECTED TRACE ELEMENTS TO HEALTH AND DISEASE

emotional stress were able to trigger the appearance of
dystonic crisis. After periods of 3 to 4 months, L-dopa lost
its effectiveness and dystonia reemerged with greater
intensity than the pretreatment level. Placebo administra-
tion for 10 to 30 days caused this abnormality to regress,
and L-dopa therapy was reinstituted with the same
therapeutic effects as before.

A third pattern was represented by one patient without
rigidity but rather with muscular hypotonus, tremor,
slowness, and impaired postural reflexes. Treatment with
1.2 g of L-dopa per day caused a marked aggravation of
hypotonia, impairment of postural reflexes, and further
impairment of gait; 3 g per day also caused worsening of
tremor. Placebo administration restored pretreatment
levels after 48 h.

In the United States, Rosenstock et al. (1971) have
reported that in a patient working in a steel foundry,
L-dopa improved the masklike face, markedly improved
rigidity, slightly improved slowness, but did not improve
dystonia. Greenhouse (1971) has reported, in four pa-
tients from a manganese ore-crushing plant, a clinical
pattern of impairment of postural reflexes and slowness of
movements without major extrapyramidal symptoms such
as rigidity and tremor; these patients did not respond to
doses of 5 g of L-dopa per day. These investigators have
not reported major side effects with L-dopa treatment.

In summary, rigid, hypokinetic Chilean miners have
responded in a sustained way to treatment with L-dopa;
an American industrial worker with rigidity responded
less well; and American industrial workers with impair-
ment of stability as the major finding did not respond at
all.

Our knowledge of the effect of overexposure of humans
to manganese is limited to observations made on miners
and industrial workers. Thus, maximum permissible
amounts in air have been established only for these male
workers: for an 8-h work day, the levels are 5 mg/m?® in the
United States and 0.3 mg/m® in the USSR (Committee on
Biologic Effects of Atmospheric Pollutants, 1973). What
should be the maximum permissible dose of manganese
in air for 24-h/day exposure of women, pregnant women,
infants, and children is not known. Yet this information
will be necessary if lead in gasoline and fuel oil is re-
placed by methyl manganese tricarbonyl (MMT) com-
pounds. These compounds have been used in gasoline
since 1974. Archipova et al. (1963, 1965) have reported
on toxicity of manganese cyclopentadienyltricarbonyl;
however, because MMT has a different chemical structure,
these results do not bear on its toxicity. Additional infor-
mation will be needed concerning the toxicity of the oxida-
tive inorganic compounds generated (e.g., MnO;, MngO,).

A crude estimate can be made of the increase of man-
ganese in the air should it be used to replace lead in
gasolines. One gram of manganese per gallon of gasoline
would increase the levels of manganese (in the atmo-
sphere) two to eight times from 0.10 pg/m?® to 0.2-0.8
pg/m® (Committee on Biologic Effects of Atmospheric
Pollutants, 1973). Thus, the current average inhalation of
3 pg/day by an adult man would be increased to 6-24

ug/day (assuming an inhalation of 30 m?® of air per day in
an adult man). Lesser amounts of manganese added per
gallon of gasoline would reduce the amount of Mn/m?®
proportionately. Although the ultimate fate of inhaled
manganese has not been fully determined, probably most
of it will eventually be swallowed and absorbed through
the intestine.

Under normal conditions, the dietary manganese intake
of man is approximately 3 mg/day. Of this 3 mg, 3 percent
is absorbed; and after a rapid reexcretion phase, a net
amount of 1 percent is retained. This amounts to a net
retention of approximately 30 pg of Mn/day. Departure
from the normal adult pattern has been shown in adults
with iron deficiency; increased iron absorption is coupled
with 200-300 percent increase of manganese absorption
(Menaet al., 1969). Other circumstances under which one
might expect a departure from the adult pattern are: (1)
rate of intestinal absorption of manganese in infants and
newborns, and (2) transfer of manganese across the
blood/brain barrier in very early life when the blood/brain
barrier is not fully developed.

RECOMMENDATIONS FOR RESEARCH

Areas for further research on manganese include:

1. Interrelationships of manganese metabolism with
iron metabolism. The basis of the interaction of man-
ganese and iron has been documented in this report on
chemical and biological grounds. Although the effects of
high levels of dietary manganese in the presence of
adequate dietary levels of iron have been investigated
rather extensively, only a few studies have been reported
where the effect of excess manganese was observed
under dietary conditions of iron deficiency or in anemic
experimental subjects. The limited data available indi-
cate that under conditions of anemia, levels of manganese
as low as 50 ppm may inhibit hemoglobin synthesis. This
phenomenon should be investigated in depth, and, if
confirmed, the mechanism of the interference of man-
ganese with iron metabolism should be elucidated.

2. Interrelationship between manganese metabolism
and calcium and phosphorus levels in the diet.

3. Susceptibility to manganese poisoning of infants,
older persons, and women of childbearing age.

4. Drug interference with manganese metabolism.

5. Fate and toxicity of inhaled MnO, and other prod-
ucts from combustion of methyl manganese tricarbonyl
compounds (in gasoline); effects of particle size.

6. Intestinal absorption of manganese in newbomn in-
fants and in young children.

7. Blood/brain barrier to manganese in prenatal life;
toxicity of manganese in prenatal life; relation of man-
ganese and catecholamines metabolism in prenatal life
and adult life.

8. Studies on selective manganese chelation therapy in
animals and chronically overexposed people.

9. Studies of the relative biological availability and
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toxicity of manganese incorporated into food as compared
to the data available when the manganese is admixed
with diet or added to the animal’s milk or water.
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Nickel is ubiquitous in nature, occurring in air, water,
rocks, and soils, and is incorporated into all biological
materials (Schroeder et al., 1962; Bowen, 1966; Under-
wood, 1971). Factors important to the translocation of
nickel in the biosphere and the food chain are: (1)
geochemical and biogeochemical processes that release
nickel from geochemical reserves in forms available to
living organisms; (2) biological processes involved in the
accumulation and metabolism of nickel in plant and ani-
mal tissue; and (3) man-related processes that release
nickel or its compounds to the environment for accumula-
tion in the biosphere, geosphere, atmosphere, and hy-
drosphere.

Nickel enters man’s food in two ways: (1) by movement
along the food chain from naturally occurring sources in
rocks and minerals to soils, to plants, and then to animals
or man, and (2) through by-products of man’s activities
(e.g., nickel residues in food resulting from the use of
nickel-containing fungicides, fertilizers, soil amend-
ments, and sewage sludges in the production of agronom-
ically important crops; the use of nickel alloys in food-
processing equipment; and contamination of food and
feed with industrial and municipal solid, liquid, and
aerosol wastes containing nickel residues). In general, the
former route provides natural barriers against high levels
of nickel in foods because of the high phytotoxicity of
nickel to edible plants (Vanselow, 1966; Allaway, 1968).
The latter route may result in the accumulation of nickel
in foods to levels much higher than would occur naturally
in food and feed crops.

The biological essentiality of nickel for chicks and rats
has recently been reported (Sunderman et al., 1972a;
Nielsen et al., 1975a, 1975b), but its essentiality for plants
and man has yet to be proven.

Nickel is relatively nontoxic orally, and nickel con-
tamination when ingested probably does not present a
serious health hazard. Some forms of nickel (e.g., metallic
nickel dust and nickel carbonyl) are carcinogenic, how-
ever, when inhaled. Some forms of nickel may cause
contact dermatitis.

GEOCHEMISTRY

Rocks, Minerals, and Soil

Nickel comprises about 0.008 percent of the earth’s crust.
By far the largest part of this is in the igneous rocks, of
which nickel comprises approximately 0.01 percent
Nickel concentrations of the common rocks found in the
geological units of the upper part of the earth’s crust are
listed in Table 2. The chemical composition of soils and
waters depends, to a large extent, on the composition of
closely associated rocks.

Among igneous rocks in the lithosphere, the ultramafic
rocks are the richest in nickel, ranging from 140 ppm in
gabbro to an average of 2,000 ppm in peridotite. Diorite
contains 40 ppm, and granitic rocks contain about 8 ppm.
Among sedimentary rocks, shale and carbonate rocks con-
tain an average of approximately 50 ppm nickel, whereas
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TABLE 2 Nickel Content (ppm) of Rocks, Soils, and
Minerals

Sample Type Range Usually Reported Average
Ultramafic igneous 270-3,600 2,000
Basalts and gabbros 45-410 140
Granitic rocks 2-20 8
Shales and clays 20-250 68
Limestones - 20
Sandstones - 2
Soils 5-500 40
Phosphorites 10-1,000 100
Coals 3-100 20
SOURCES: Turekian and Wedepohl (1861), Rank and Sah (1950), Abernethy

ot al. (1960).

sandstone contains about 2 ppm nickel. As shown in
Figure 2, rock types low in silica are high in nickel
(except for carbonate), and those high in silica are rela-
tively low in nickel. Soils contain between 5 and 500 ppm
nickel (Table 2). Those soils carrying less than 5 ppm are
too acidic to support normal plant growth. Based on the
available data, it is estimated that the average farm soil in
the United States contains more than 40 ppm nickel.

In general, the total nickel content of a soil is a poor
measure of the availability of the nickel to plants. A better
measure of nickel availability to plants from soils is the
extractable (soluble plus exchangeable) nickel content of
the soils. Various aqueous solutions used as extractants to
measure the availability of nickel to plants from soils
include 1 N (Normal, 1 g equivalent of a solute per liter)
potassium chloride, 1 N ammonium acetate, acetic acid
adjusted to various pH levels, 2.5 percent acetic acid (pH
2.5), and 0.05 M ethylenediaminetetraacetic acid (EDTA)
(pH 7). The nickel content of plants appears to be closely
correlated to the extractable nickel of soils as determined
by any of these extractants (Mitchell et al., 1957; Swaine
and Mitchell, 1960; Mitchell, 1964, 1971; Halstead, 1968;
Halstead et al., 1969; Sillanpaa and Lakanen, 1969; Roth
et al., 1971).

The content of extractable nickel in different soil types
varies a great deal depending on a number of complex
factors (Swaine and Mitchell, 1960; Ng and Bloomfield,
1962; Mitchell, 1964, 1971; Jenne, 1968). Among these
are soil parent material, soil physical factors (e.g., soil
texture, structure, aeration, temperature, water content,
and degree of development), soil chemical factors (e.g.,
pH, organic matter content, lime level, and oxidation-
reduction potential), and soil biological factors (e.g., mi-
crobial activity, plant-root excretions, and depletions of
mineral elements by plant roots and microorganisms). As a
result of the dynamic nature of soil processes, the extract-
able nickel content of a soil is in a constant state of flux.
Extractable nickel in most soils, except for those derived
from serpentine parent material, range from less than 0.01
ppm to 2.6 ppm (Mitchell et al., 1957; Swaine and Mitch-
ell, 1960; Mitchell, 1964, 1971; Vanselow, 1966;
Halstead, 1968; Halstead et al., 1969; Sillanpaa and
Lakanen, 1969; Roth et al., 1971). The values for extract-
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able nickel in phytotoxic soils (e.g., serpentine soils) de-
rived from ultrabasic rocks are much higher and range
from 3 to 70 ppm (Vanselow, 1966). The toxicity of these
soils to plants should not be attributed entirely to high
levels of extractable nickel. Other causal factors of toxicity
are involved, such as high concentrations of manganese
(Williams, 1967), inhibition of iron metabolism by high
nickel and manganese levels in the plants (Williams,
1967), unfavorable magnesium : calcium exchange ratios,
and possibly toxic chromium concentrations (Vanselow,
1966; Lyon et al., 1968; Peterson, 1971).

Water

Nickel concentrations in seawater range from 0.0001 to
0.0005 ppm. In most groundwaters, nickel has not been
detected, and, where found, it is probably in colloidal
form (U.S. Geological Survey, 1965).

During rock weathering, nickel tends to form an insol-
uble hydrolysate; therefore, any nickel is likely to occur
in small amounts in surface or groundwaters, unless it is
present as a result of industrial pollution (Kopp and
Kroner, 1968).

Kopp and Kroner (1968) reported that nickel was found
in United States surface waters with a frequency of 16
percent and at an overall mean concentration of 19 ppb,
and it was observed in at least one sample in every major
drainage basin of the United States. The highest value
found was 130 ppb in the Cuyahoga River, near heavily
industrialized Cleveland, Ohio.

The nickel content of selected samples taken in 1962 of
public water supplies of the 100 largest cities in the

100
785 f/————— Sandstone . .
| ow-calcium granite
High-calcium granite
” Syenite
;-% Shales
§ 50 Basic rocks
& Ultrabasic rocks
a
25+
Carbonates
0 | | | | |
0.1 1.0 10 100 1,000 10,000
Nickel, ppm

FIGURE 2 Average nickel content in various sedimentary and
igneous rocks (Turekian and Wedepohl, 1961).
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United States was reported by the U.S. Geological Survey
(Durfor and Becker, 1964) to range from 4 to 56 ug/l. The
samples taken were of water at its source, in storage, and
in various stages of treatment. These data strengthen the
conclusion that most of the nickel in surface and
groundwaters above a concentration of about 10 ug/l
probably reflects man’s activities. Nickel in natural wa-
ters apparently would present a health hazard only in most
unusual circumstances.

Atmosphere

Nickel in the atmosphere ranges from less than 0.0016
ug/m® to 0.052 ug/m® according to the air quality data
reported by the National Air Surveillance Networks. Ex-
tensive sampling has shown that it is most concentrated in
urban areas in the vicinity of heavily traveled highways
(National Air Pollution Control Administration, 1968a)
and is probably derived from asphalt and automobile
tires. The existence of large areas of the earth with less
than 0.0016 pg/m? nickel in the atmosphere suggests that
man’s activities are responsible for most atmospheric

nickel.

Coal

Nickel, which occurs in virtually all coals, along with a
number of other trace elements, is retained largely in the
ash when coal is bumed. Abemethy et al. (1969) have
shown that nickel content of coal varies with geographic
origin.

Of 600 analyses of coals taken from eight eastern states,
the average ash content of the coals was 9.3 percent, and
the average nickel content of ash was 0.0209 percent. This
compares with an average ash content of 10.5 percent
containing 0.0262 percent nickel for 123 analyses of coals
from seven midwestern states, and an average 9.8 percent
ash with only 0.0054 percent nickel content for 104
analyses of coals from eight western states. It follows,
therefore, that the nickel content of United States coals
varies from an average of about 0.06 Ib/ton in the mid-
western states to 0.04 lb/ton in the eastern states to 0.01
Ib/ton in the western states.

Petroleum

The nickel content of domestic crude oils has been re-
ported to range from 1.4 to 64 ppm and that of imported
crude oils from 0.3 to 29.5 ppm. The median content of
the domestic crude was 4.3 ppm, and the average of the
analyses reported was 14.2 ppm; the median of the im-
ported crude was 6 ppm, and the average was 10 ppm
(National Air Pollution Control Administration, 1968b).
According to C. W. Kelly (personal communication,
1973), petroleum is refined in a closed system, and there
is little chance that nickel-bearing materials can escape to
the atmosphere during refining processes. Exhaustive
tests have indicated that nickel invariably remains with
the heavier and higher boiling fractions of the crude-oil

processes. It is therefore eventually concentrated in re-
sidual fuel oils and in asphalt.

The nickel content of typical commercial residual fuel
oils, like those burned in electrical power generating
plants, reported in the Petroleum Products Handbook,
ranges from nil to 20 ppm as follows (Guthrie, 1960):

No. 4 No. 5 No. 6

Fuel Oil Fuel 0il Fuel Oil
Type A B CC A B E F B C G H
Ni(ppm) 02 — 8 — 10 10 20 10 20 20 12 20

Complete analyses of stack gases, fly ash, and residual
material at power generating plants are not available. In
the past, nickel has been used as an additive in certain
petroleum fuels, but apparently is not now so used.

Ore Deposits

Nickel ore deposits are formed as veins, stringers, or
fissure fillings containing pentlandite (FeNiS,), chalcopy-
rite (CuFeS;), and pyrrhotite (Fe,Sx+,). Other nickel ore
deposits are formed by lateritic weathering of ultramafic
ferromagnesium silicate rocks. Part of the nickel ore con-
sists of hydrous nickel-magnesium silicates collectively
referred to as “‘gamierite.”” Several nickel silicates, each
an analog of a magnesium mineral (given in brackets), can
occur as constituents of “garnierite” : nimite, (Ni, Mg,
Fe, Al); (Si,Al);O4OH), [chlorite]; willemseite, (Ni,
Mg),Si0,{OH), [talc]}; pecoraite, NisSifO4{OH), [clino-
chrysotile]; nepouite (Ni,Mg),SisO5(OH), [lizardite]; and
pimelite, (Ni, Mg),81,0,,(OH);-4H,0 [stevensite] (Faust,
1966; Faust et al., 1969; DeWaal, 1970).

UTILIZATION

Production

The principal nickel-producing areas of the world are
shown in Figure 3. According to the U.S. Bureau of Mines
(1975), the United States was eighth in nickel production
in 1972 with 16,864 short tons of ore shipped. The seven
leading nickel-producing countries are: Canada, USSR,
New Caledonia, Australia, Cuba, Indonesia, and the
Dominican Republic. All Canadian, Finnish, Rhodesian,
and South African nickel is produced from sulfide ores.
Part of that produced in the USSR and Australia is from
sulfides; the remaining countries (Figure 3) produce from
secondary ores.

Extraction

Nickel sulfide ores are mined chiefly underground;
nickel minerals are concentrated by physical methods,
and the concentrate in most instances is smelted
pyrometallurgically. Secondary nickel ores are mined
from open pits. Because the nickel minerals cannot be
concentrated by physical means, the nickel is extracted
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FIGURE 3 Principal nickel-producing areas of the world (Howard-White, 1963).

either in a chemical form by leaching or in the form of
ferronickel by smelting.

Basically, the pyrometallurgical treatment includes five
operations: concentrating, roasting, smelting, converting,
and refining. There is practically no airborne effluent
during concentration. The rejected portion of the ore is
retumed underground for mine fill or put in tailings
ponds, which in time are stabilized by a cover of suitable
vegetation.

Roasting generates a metallurgical smoke consisting of
gases (carbon dioxide, water vapor, oxygen, and sulfur
oxides), dust (partially reacted fine particles of concen-
trate, furnace lining, and fuel), and fume (solid material
that has been volatilized and subsequently condensed).
The dust composition depends on the type of material
being roasted.

Effluents from the smelters and converters are similar
to those emitted by the roasters. Normally, however, they
are at higher temperatures than gases from the roasters
and may not contain as large a percentage of the sulfur
oxides if smelting and converting is preceded by roasting.
In a well-operated nickel electrolytic refining operation,
there is no measurable effluent to the atmosphere.

Nickel laterite ores are processed by smelting to pro-

duce an iron-nickel matte, smelting to produce ferro-
nickel, leaching with ammonia, or leaching with sulfuric
acid. In contrast to underground nickel mines, dust is
generated in loading, transporting, and in the blending
and drying yards. Gases, dust, and fumes are emitted from
the smelting furnaces as they are from the furnaces smelt-
ing sulfide ores; however, in those furnaces that produce
ferronickel, the sulfur oxide emissions are not as much of
a problem. The ammonia and sulfuric-acid leaching sys-
tems are in a closed circuit from which there is no emis-
sion to the atmosphere. The precipitated nickel carbonate
is roasted to remove carbon dioxide, which, however,
carries some nickel oxide with it to the atmosphere.

Final Usage

Most nickel is used in metal alloys to make a wide variety
of consumer hard goods. The nickel used to make stain-
less steel reaches practically every household in the land,
either in cooking utensils, flatware, or kitchen appliances.
Other nickel alloys are strong, corrosion-resistant, en-
gineering materials; they are used throughout industrial
plants and municipal facilities, in some household water
systems, or in place of stainless steel.
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ANALYTICAL METHODS

There are adequate methods available for the analysis of
nickel at the sensitivities required for most materials. At
present the method of Nomoto and Sunderman (1970),
using atomic-absorption spectrometry, is probably the
best available for the determination of small quantities of
nickel in biological tissues, although it is quite tedious.
Methods are still needed for the determination of the
chemical and physical forms of nickel in certain materials,
such as fly ash, which can affect environmental quality
(and thus human health).

NICKEL IN THE FOOD CHAIN

Soil Factors

In general, nickel availability to plants is associated with
sorption and desorption of nickel ions on exchange sites
in soil minerals. Most of these sites are present in organic
matter or hydrous iron- and manganese-oxide coatings on
soil particles. Sorption and desorption at these sites is
controlled primarily by the solute concentration of nickel
and other heavy metals, pH, oxidation-reduction poten-
tial, and the amount and strength of inorganic complex
ion formers and organic chelates in the soil solution
(Jenne, 1968). Impeded soil drainage, or anaerobic condi-
tions, affect nickel mobilization and, hence, availability to
plants (Mitchell, 1971).

Most investigations on the pedological factors affecting
uptake by plants have been concemed with the poor
growth of plants on serpentine soils high in extractable
nickel. Visible symptoms of nickel toxicity resemble
those of iron chlorosis in cereal crops, manganese defi-
ciency in tomato plants, and zinc deficiency in citrus trees
(Vanselow, 1966).

A high percentage of the nickel in peaty serpentine
soils exists in organic complexes; its uptake by plants is
reduced by raising the soil pH, generally by liming (Pratt
et al., 1964; Vanselow, 1966; Roth et al., 1971). Halstead
(1968) studied the effect of different soil amendments on
the yield and nickel content of oat plants grown in serpen-
tine soil. Additions of Ca(OH), and/or organic matter to
these soils increased the yield of oat tops by a factor of
four and markedly reduced the nickel concentration in
the tops. Halstead et al. (1969) reported that oats and
alfalfa plants, grown in soils to which varying concentra-
tions of nickel were added, reached nickel concentrations
(dry weight) of 60 ppm in oat grain, 28 ppm in oat straw,
and 44 ppm in alfalfa tops during toxicity. [For further
references on the toxicity of nickel to plants, see Van-
selow (1966) who has reviewed the extensive literature
on this subject.]

Nickel Content

The average range of nickel concentrations in plant tops
under normal conditions is 0.05-5 ppm dry weight

(Schroeder et al., 1962; Vanselow, 1966; Sauchelli, 1969;
Underwood, 1971). Tables 3 and 4 show the levels of
nickel (both wet and dry weight) in plant materials com-
monly used as foods. Some of the variations seen in these
values could be due to the dry versus wet weight basis,
but other unaccounted-for variations may also be present;
in addition, the validity of these older data are suspect
because of the analytical methodology.

Accumulation and Essentiality in Plants

Nickel concentrations of more than 50 ppm (dry wt) in
plants are usually toxic, but certain species found on
serpentine soils may contain nickel levels far in excess of
this. Vanselow (1966), Lyon et al. (1970), Wild (1970), and
Peterson (1971) list most of these species. Table 5 shows
nickel data for several nickel accumulator plants and the
nickel content of the soils in which they grow. Although
some plants do not accumulate large quantities of nickel,
they may, nevertheless, be useful in locating nickel. Can-
non (1960, 1971) and Timperley et al. (1970) list plants
useful in mineral prospecting for nickel and other metal
deposits.

TABLE 3 Nickel in Cereal Grains

Grain Concentration, ppm
Wet weight
Wheat, winter, seed 0.16
Wheat, Japanese N.D.#
Wheat flour, Japanese N.D.
Wheat flour, all-purpose 0.30-0.54
Wheat, crushed, Vermont 0.75
Bread, whole-wheat, stone-ground 1.33
Wheatena cereal N.D.
Wheaties cereal 3.00
All-bran cereal 0.74
Grape Nuts cereal 0.13
Buckwheat, seed 6.45
Rye, seed 2.70
Qats, seed 1.71-2.60
Oats, precooked, quick 2.35
Com meal, New Hampshire N.D.
Com oil N.D.
Rice, Japanese, polished 0.50
Rice, Japanese, unpolished 1.80
Rice, Japanese, polished (204 samples) 0.65
Rice, American, polished 0.47
Rice, puffed 0.30*
Dry weight
Com, grain, mature 0.14
Oats, grain, mature 0.45
Rice, polished 0.02
Buckwheat, seed 1.4
Barley 4.00-6.00

Wheat, grain, mature 0.35-35

“Not detected.
*soURcES: This and all previous dats sre from Schroeder et al. (1862). Ensuing data
are from Vanselow (1996).
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TABLE 4 Nickel in Vegetables and Fruits

Vegetable or Fruit Concentration, ppm
Wet weight
Potato, raw 0.56
Peas, fresh, frozen 0.30
Peas, canned 0.46
Peas, split, dried 1.66
Beans, string, frozen 0.65
Beans, string, canned 0.17
Beans, navy, dried 1.59
Beans, yellow-eye, dried 0.69
Beans, red kidney, dried 2.59
Spinach, fresh 0.35
Celery, fresh 0.37
Beet greens 1.94
Swiss chard, organic 0.71
Escarole, fresh 0.27
Chicory, fresh 0.55
Lettuce, garden, organic 1.14
Lettuce, head 0.14
Kale, organic 1.12
Kohlrabi, leaves, organic 0.47
Cabbage, white 0.14-0.32
Cabbage, red 0.24
Cauliflower leaves 0.19
Broccoli, fresh, frozen 0.33
Tomato, fresh 0.02
Tomato juice, canned 0.05
Apple, raw N.D.
Apple, raw 0.08
Banana 0.34
Pear 0.20°
Dry weight
Spinach 2.40
Squash 4.60
Tomato 0.01-0.154
Cabbage 3.30
Carrot, root 0.30
Carrot, leaves 1.80
Cress, water, tops 0.50
Cress, water, leaves 0.13
Mushroom 3.50
Peas 2.00-2.25
Potato 0.08-0.37
Onion 0.16
Lettuce 1.51
Lentils 1.61
Haricot beans 0.58
Orange 0.16
Apricot 0.64
Plum 0.90
Pear 0.90
Fig 1.20
“Not detected.
*s0uUncEs: This and all previous data in table are from Schroeder et al. (1862). Ensuing
dats are from Vanselow (1986), pt for lettuce and data following that, which
are from B d and Mokragnatz (1830).
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Hodgson (1970) developed a generalized model relat-
ing various environmental factors and the trace element
composition of plants:

P=fR, S, A, p),

where P is the content of a given element in plant tissue,
R is the elemental content of the soil parent (i.e., the
rocks), S represents soil-forming factors, A is the available
concentration of the element in the soil, and p is the
interaction of the plant with its environment. Information
is meager concerning the concentration of nickel in plants
as affected by the plant response parameter p.

Tissue concentrations of nickel among plant species
and varieties grown on the same soils vary widely (Flem-
ing, 1963; Guha and Mitchell, 1966; Lyon et al., 1968;
Halstead et al., 1969; Lyon et al., 1970; Peterson, 1971;
Ashton, 1972). The nickel concentration among the vari-
ous plant parts of a single species also varies widely
(Fleming, 1963; Guha and Mitchell, 1966; Halstead et al.,
1969; Sauchelli, 1969). Nickel tends to accumulate in the
seeds of various plants to levels as much as three times
those in the stems and leaves (Fleming, 1963; Halstead et
al., 1969; Patterson, 1971). Maturity and time of sampling
(seasonal variations) also affect the nickel levels found in
plants (Guha and Mitchell, 1966; Sauchelli, 1969). The
nickel content of plants may also vary geographically
(Zook et al., 1970).

The essentiality of nickel for plant growth has not been
proven, although there are reports of slightly beneficial
effects of nickel on plant growth (see Vanselow, 1966, and
references cited therein; Bertrand and de Wolf, 1965).
Bertrand and de Wolf (1967) suggest that nickel may be an
essential element for the growth of a green alga, Chlorella
vulgaris; maximum growth rates appeared at nutrient
solution concentrations of 3 ppb.

Nickel may interact with iron in plant nutrition. Crooke
(1955) and Crooke and Knight (1955) showed that both
uptake and toxicity symptoms of nickel in plants are
reduced if the culture solution is high in iron. In other
work, Halstead (1968) showed that the addition of
Ca(OH), and/or organic matter to an unproductive serpen-
tine soil increased plant yields and decreased nickel
concentrations in the plants. The effect of these treat-
ments appeared to be primarily on the solubility of soil
nickel rather than on plant physiology.

Little work has been done with respect to interactions
of nickel with other elements in plant nutrition and how
they may be related to nickel deficiency or toxicity in
humans and animals. Dixon et al. (1975) suggest that
nickel may be an essential trace element for jack beans,
because their findings show that jack bean urease is a
nickel metalloenzyme.

Translocation in Plants

Tiffin (1971) used the radioisotope ®*Ni to study uptake
and translocation of nickel in several agricultural species,
including tomatoes, carrots, com, cucumbers, and
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TABLE 5 Nickel in Soils and Accumulator Plants

Ni in Soil, Ni in Plants,

Plant Country ppm ppm Source

Dry weight
Dicoma macrocephala Rhodesia 7375 1,401 Wwild, 1970
Becium obovatum Rhodesia 3,563 261 wild, 1870
Vellozia equisetoides Rhodesia 5,927 380 Wild, 1970
Blepharis bainessi Rhodesia 6,250 625 Wild, 1870
Becium homblei Rhodesia 5,622 171 Wild, 1970

Ash weight
Lichen (unknown species) New Zealand 1,700 8,300 Lyon and Brooks, 1970
Pimelea suteri New Zealand 4,600 5,500 Lyon and Brooks, 1970
Myosotis monroi New Zealand 3,800 8,000 Lyon and Brooks, 1870
Leptospermum scoparium New Zealand 5,000 4,900 Lyon and Brooks, 1970
Hebe odora New Zealand 2,400 2,600 Lyon and Brooks, 1970
Gentiana corymbifera New Zealand 2,500 1,300 Lyon and Brooks, 1970
Myrsine divaricata New Zealand 1,700 2,000 Lyon and Brooks, 1970
Cassinia vauvilliersii New Zealand 2,500 2,000 Lyon and Brooks, 1870

var. serpentina

Alyssum bertolonii Italy —_ 100,000 Gambi, 1967

(as NiO)

peanuts. Table 6 gives his data for tomatoes. Two plants
were placed in each liter of nutrient solution containing a
nickel concentration as shown and 50 uCi (microcuries)
®Ni. Plants were topped and exudate was collected for 10
h. Electrophoretic distribution of nickel in the exudates is
shown in Figure 4. The exudate nickel concentrations
were similar to the original nutrient concentrations, ex-
cept on the lowest nutrient treatment; there, the exudate
nickel was double that supplied in the nutrient. The
highest nutrient nickel level depressed exudate volume.
However, the proportion of the absorbed nickel that was
released in the xylem exudate was about the same (5-6
percent) for the three nutrient concentrations.

Figure 4 shows the electrophoretic pattems for nickel
in the three exudates listed in Table 6. All exudates show
the anodic and cathodic migration of nickel, but the
proportions of the metal in these fractions are very differ-
ent for the three exudates. In exudate 1, 85 percent of the
nickel ran as a negatively charged fraction; the remaining
15 percent ran cathodically. The distributions for exudate
2 were 35 and 65 percent, and for exudate 3 were 5 and 95

TABLE 6 Uptake and Translocation of Nickel in Tomato

percent. These patterns demonstrate the limited binding
capacity (< 175 ppb nickel equivalent) of the anodic
carrier in these exudates.

The anodic bands of nickel (effluents 15 to 16, Figure 4)
do not indicate the presence of more than one nickel
complex, although in recent studies with peanut-root sap,
Tiffin (unpublished data, 1973) has determined that at
least two nickel carriers are involved in the anodic migra-
tion of nickel. This was demonstrated by running nickel-
free root sap electrophoretically, then adding ®Ni to the
effluent fractions before rerunning them electrophoreti-
cally in pH 5.4 buffer. The results showed that an anionic
component in effluent 16 bound nickel and migrated in
the rerun to about the same anodic position. With or
without nickel, this carrier had the same electrophoretic
mobility. Another nickel-free compound was found in
effluents near the origin, indicating that at pH 5.4 this
compound was neutrally charged. Bound to nickel, how-
ever, this agent acquired negative charge and migrated at
a rate nearly identical to that of the complex in tomato
exudate mentioned above. The carrier agents in tomato

Ni in
Datum Nutrient Total Ni Exudate Ni in Total Ni
No. Solution, ug/l Absorbed (Ni,), ug Volume, ml Exudate, ug/l Released (Nig), ug Nig/Ni, (%)
1 29 23.5 24 58.7 1.4 6.0
2 204 135 23 329 76 5.6
3 2,940 782 12 3,258 39.1 5.0

SOURCE: Tiffin, 1871.
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FIGURE 4 Continuous electrophoretic distribution of nickel
in tomato xylem exudate. The curves show effluent nickel distri-
bution for three exudates that are characterized in Table 6.
Electrophoretic conditions: S&S No. 470-C paper, 20 uM sodium
acetate at pH 5.4, 800 v, 4 = 1° C (Tiffin, 1971).

and peanut have not been identified. Although there is
general agreement that major cations are free of organic
association in their transport from roots to leaves, the
affinity of organic and amino acids for the micronutrients
and related heavy metals, such as nickel, suggests their
association with organic agents in transport. A limited
capacity for nickel binding in xylem exudates is demon-
strated in Figure 4. After saturation of the very stable
anodic carrier, excess nickel ran cathodically to the posi-
tion of the inorganic nickel control. At physiological
levels of nickel (< 175 ppb in tomato xylem exudate, and
perhaps higher levels in other plant exudates), there
appears to be sufficient high-affinity carrier to bind the
metal and transport it to the aerial portions of the plants
(Tiffin, 1971).

Plant Tolerance and Availability to Animals and Man

In comparison with other heavy metals, nickel is very
toxic to plants (Patterson, 1971). Where tolerances exist,
they obviously involve the ability to prevent interference
with plant metabolism and growth. Except for the work
carried out by Tiffin (1971, 1972), however, little is
known about the chemical form of nickel in plants, nor is
anything known about the availability and toxicity to
animals and man of natural plant forms of nickel. Vohra et
al. (1965) have reported that nickel forms a stable com-
plex with phytic acid. Food high in phytin may decrease
and alter the bioavailability and biotoxicity of nickel to
animals and man.
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Lagerwerff (1967), Mitchell (1964), and Patterson
(1971) have reviewed the nickel contamination of soils
from various man-made sources. Several agricultural
practices contaminate soils and plant foods with nickel.
Mitchell (1964) has listed the range of trace element
contents expected in the more commonly used fertilizers.
Rock phosphate, superphosphate, basic slag, and potas-
sium salts contain from 1 to 10 ppm nickel (dry wt). These
amounts are seldom sufficient to change the total nickel
content of soils appreciably, but they may change the
available nickel level in soil.

One of the greatest potential sources of nickel contami-
nation of agricultural soils results from the expanding
application to them of sewage sludges from densely popu-
lated and industrialized areas. Patterson (1971) found that
the total nickel content in sewage sludges from England
and Wales ranged from 20 to 5,000 ppm (dry wt); nickel,
soluble in 0.5 N acetic acid, ranged from 6.8 to 2,400 ppm;
and the extractable percentage ranged from 14.5 to 92.7
percent. Mitchell (1964) reported that sewage sludges
may contain nickel concentrations as high as 1,000 ppm.
Kick et al. (1971) studied the availability of nickel to
plants from two soils treated with sewage sludge, contain-
ing 73 ppm nickel (dry wt) mixed with inorganic salts.
The approximate 1-4 ppm content of nickel (depending
on harvest date) found in Lolium peranne grown with
sewage sludge increased to 50-77 ppm when a high level
of inorganic nickel (66 mgkg of sludge, dry wt) was
applied. Addition of the inorganic nickel without the
sewage sludge to a third soil suppressed the growth of L.
peranne completely. Thus, they concluded that sewage-
sludge treatment of soils containing levels of nickel toxic
to plants depresses that toxicity without changing the pH
of the soils. The sludge treatments did not prevent the
accumulation of high levels of nickel in the plant.

The fact that sewage sludges appear to protect plants
against nickel toxicity, yet still allow them to accumulate
nickel to high levels, shows that such use could eliminate
an effective barrier (i.e., high phytotoxicity of nickel)
against accumulation of high levels of nickel in natural
foods. For this reason, studies on the bioavailability and
biotoxicity of the forms of nickel in plants to animals and
man are urgently needed.

Another potential source of man-made nickel residues
in food crops from agricultural practices is the use of
fungicidal sprays incorporating nickel (Stewart and Ross,
1969). However, at present, the use of nickel as a fungici-
dal agent has not been approved.

Lagerwerff and Specht (1970) have reported the con-
tamination of grasses along roadsides with nickel. The
nickel content of the grass ranged from 1.3 to 5 ppm (dry
wt) and decreased with distance from the road. The nickel
concentration also decreased with depth in the soil pro-
file. The authors suggested that the use of nickel-bearing
gasoline and abrasion of nickel-containing automobile
parts (including tires) may explain the gradient of nickel
concentrations in plants and soils along roadsides (Smith
et al., 1975).
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NICKEL IN HUMANS

Metabolism

Schroeder et al. (1962) estimated that the usual oral intake
of nickel by American adults ranges from 300 to 600
ug/day. Wide variations in nickel ingestion may occur.
For example, a 2,300-calorie diet consisting of 100 g
protein, 250 g carbohydrate, and 100 g fat, based on meat,
milk, eggs, refined white bread, Wheatena, butter, and
corn oil, would provide 3-10 ug/day; whereas a diet based
on oysters, meat, milk, eggs, oats, whole wheat or rye
bread, certain vegetables, potatoes, and legumes, with
little added fat, would provide 700-900 pg/day.

Nodiya (1972) and Horak and Sunderman (1973)
showed that nickel is poorly absorbed from ordinary diets
and is mostly excreted in the feces. Nodiya performed
nickel-balance studies on 10 Russian males, aged 17 yr,
who ingested an average of 289 ug/day (SD + 23; range =
251-309). Fecal excretion of nickel averaged 258 ug/day
(sD = 23; range = 219-278). Horak and Sunderman mea-
sured fecal nickel excretion in 10 healthy subjects in the
United States (age 22-65; 4 males, 6 females), who in-
gested varied diets prepared in their own homes. They
found that fecal excretion of nickel averaged 258 + 126
ug/day (range = 80-540). Nickel has been found in the
bile of rats, so some fecal nickel may arise from this
source (Smith and Hackley, 1968).

Ten to 100 times less nickel is excreted in the urine
than in the feces. Perry and Perry (1959) found that 24
healthy adults excreted an average of 30 ug/day of nickel
in the urine, whereas Sunderman (1965) noted a mean
daily urinary excretion of 19.8 ug in 17 normal subjects.
In another study, Nomoto and Sunderman (1970) found
that 26 healthy subjects had a mean daily urinary excre-
tion of 2.4 ug/day. There is evidence that appreciable
losses of nickel also occur in the sweat. Horak and Sun-
derman (1973) found a mean concentration of 49 ug/l in
sweat collected in plastic bags that encased the arms of 5
healthy men during sauna bathing. Consolazio et al. (1964)

determined that approximately 8.3 ng nickel is lost in the
sweat daily.

Distribution in the Human Body

Schroeder and Nason (1971) suggested that the human
body contains approximately 10 mg of nickel. Of this total,
they suggested that 0.16 mg is in the blood, with 0.09 mg
in the plasma and 0.07 mg in the red blood cells. Table 7
shows that values obtained for nickel in whole human
blood varied between 4.8 to 327 ppb; in serum and
plasma, between 2.6 and 62 ppb. It is difficult to explain
this variability, but the later analyses with improved
methods tend to be lower and are probably more valid. In
human serum, nickel exists as ultrafiltrable nickel (= 40
percent of the total nickel in serum); albumin-bound
nickel (= 34 percent); and a nickel-metalloprotein (= 26
percent) (Sunderman et al., 1972b). This metalloprotein
has been named “nickeloplasmin™ and is a macroglobulin
with an estimated molecular weight of 7 x 10%. Purified
nickeloplasmin migrates as a single protein band in the
as-globulin region when subjected to disc gel and im-
munoelectrophoresis (Sunderman et al, 1971a).
Soestbergen and Sunderman (1972) suggested that wul-
trafiltrable nickel in serum exists primarily in five nickel
complexes and that ultrafiltrable nickel receptors play an
important physiological role in nickel homeostasis by
serving as diffusible vehicles for the extracellular trans-
port and renal excretion of nickel.

Studies of other human tissues indicate that the body
does not readily retain nickel and does not accumulate
this element with age in any organ examined so far,
except perhaps in lens tissue. Swanson and Truesdale
(1971) found 7.1-24 ppm nickel (dry basis) in various
parts of the lens from adults in the 50-85 age-group,
whereas < 0.004-0.089 ppm nickel (dry basis) were found
in these areas in the 0-20 age-group. Schroeder and
Nason (1969) found that the average nickel concentrations
in hair from 79 men (0.97 ppm) were significantly lower
than in hair samples from 25 women (3.96 ppm). In men,

TABLE 7 Nickel in Human Whole Blood, Serum, or Plasma

No. Whole Blood (B),
Nickel, ppb Method® Population Subjects Serum (S), or Plasma (P) Source
42 ES - 153 B Imbus et al. (1963)
327 ES California 47 B Butt et al. (1964)
27 AA Germany 63 B Schaller et al. (1968)
4.8 AA Connecticut 17 B Nomoto and Sunderman (1970)
53-62° ES California 48 S Butt et al. (1964)
22 S Florida 23 S Sunderman (1967)
78 ES Germany 594 S Mertz et al. (1968)
2.6 AA Connecticut 40 S Nomoto and Sunderman (1970)
21 AA Germany 26 P Schaller et al. (1968)
*S = spectrophotometry; ES = hy; AA = at

*Industrial workers from Ohio, New York, Florida, Colorado, and Oregon.
“Range of mean values; nickel not detected in 18 sera.
“Includes 25 healthy subjects and 34 patients.
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there was more nickel in red than in brown hair. They
also did not observe any significant change in hair con-
centrations with advancing age. Nechay and Sunderman
(1973) reported mean concentrations of nickel in hair
from 20 subjects (13 men, 7 females) to be 0.22 ppm. They
observed no significant difference in nickel concentra-
tions in hair from men or women, nor was any correlation
noted between nickel concentrations and the color of the
hair samples. There was a slight but significant diminu-
tion in nickel concentrations with advancing age. These
data are obviously disparate and clearly indicate the need
for further work. Nusbaum et al. (1965) reported that
human bone ash contains 96-148 ppm nickel, with the
0-20-yr age-group showing the highest concentrations.
Perry et al. (1962) found that nickel is present in low
concentrations (< 0.5-5.0 ppm in tissue ash) in liver,
kidney, lung, heart, aorta, spleen, and brain. Schroeder
and Nason (1971) have indicated that 18 percent of the
body nickel is stored in skin.

EFFECTS ON HEALTH

Health Hazards

Nickel in minerals, rocks, and soils apparently does not
present a hazard to animal and human health, and normal
use of nickel and its alloys by humans does not usually
present a health hazard. However, nickel-bearing surgical
implants and prostheses may corrode and become toxic,
and dermatitis may be caused by contact with nickel-
bearing alloys and nickel-plated jewelry. Buming of fossil
fuels (coal and petroleum) introduces nickel into the
atmosphere in concentrations that may create a local
health hazard. Mining, smelting, refining, and alloying
nickel processes generate smoke, dust, and fumes that
may, similarly, create a human health hazard.

Metabolism in Health and Disease

Serum nickel levels are significantly increased in patients
with acute myocardial infarction (D’Alonzo and Pell,
1963; Nomoto and Sunderman, 1970; Sunderman et al.,
1970; McNeely et al., 1971; Sunderman, et al., 1971b;
Sunderman et al., 1972b). High concentrations of nickel
were also found in the serum of patients with acute stroke
and acute burns (> 25 percent body surface) by McNeely
et al. (1971). This study also showed that low serum levels
may occur in patients with hepatic cirrhosis and chronic
uremia. In contrast to infarction, serum nickel levels did
not increase in patients with myocardial ischemia.
Elevated blood-nickel concentrations have been found
in women with toxemia of pregnancy (Leonov et al., 1971)
or with uterine cancer (Arsagova, 1971). Pathological al-
terations of nickel concentrations in blood and sera proba-
bly reflect changes in blood constituents such as albumin,
nickeloplasmin, and ultrafiltrable nickel complexes in
some diseases. Acute trauma with fractured bones, acute
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delirium tremens, and muscular dystrophy had no effect
on serum nickel (McNeely et al., 1971).

Other studies have shown that tissue nickel levels
change in certain diseases. An increased retention of
nickel has been found in psoriatic skin (Gaul and Staud,
1934). Soroka et al. (1972) reported that in all forms of
schizophrenia there is an increased concentration of
nickel in the brain, liver, and spleen and a decreased
concentration in the kidney, lungs, and adrenal glands.
Swanson and Truesdale (1971) noted a substantial in-
crease in nickel levels in cataractous human lens tissue.
The apparent specificity of the changes in blood or tissue
nickel levels suggests that this element plays a role in the
etiology of some diseases.

Studies on the toxicity of nickel to man leave no doubt
that this element, like zinc, manganese, and chromium, is
relatively nontoxic orally and that nickel contamination of
food or water need not necessarily present a serious
health hazard. One population exposed to nickel con-
tamination is that of Sudbury, Ontario, the principal
nickel-producing area in the world. McNeely et al. (1972)
compared water- and air-survey data from Sudbury and
from Hartford, Connecticut. Sudbury air contained an
average nickel concentration of 533 ug/1,000 m?*; munici-
pal tap water, 200 ppb. Hartford air contained 36 pg/1,000
m®; municipal water, 1.1 ppb. McNeely et al. (1972) found
that healthy hospital employees in the Sudbury area have
higher levels of nickel in urine (7.9 ug/day) and serum
(4.6 ppb) than did a similar population living in Hartford
(urine [2.5 pg/day] and serum [2.6 ppb]). This suggests
that measurements of nickel in serum and urine may
serve as biological indices of environmental exposure to
nickel. Records of the International Nickel Co., which
operates the mines (nickel sulfide ore) and related indus-
try in the Sudbury area, indicate that the nickel contami-
nation is apparently not harmful, as the employees’ health
is above the average of the Canadian population (H. T.
Reno, personal communication, 1972). In a similar fash-
ion, U.S. Bureau of Mines personnel found no ill effects to
the health of workers or inhabitants of the Riddle, Ore-
gon, area, the only nickel-mining operation (nickel oxide
ore) in the United States in 1972 (H. T. Reno, personal
communication, 1972).

The relatively nontoxic nature of ingested nickel is
demonstrated by toxicologic studies with rats (Phatak and
Patwardhan, 1950, 1952), chicks (Weber and Reid, 1968),
mice (Weber and Reid, 1969), and dairy cattle (O’Dell et
al., 1970). Depending on species and age, toxic effects
were not observed until 250-1,600 ppm of nickel were
present in the diet. Signs of toxicity included depression
in the activity of certain enzymes in mice and a reduction
of nitrogen retention in chicks and dairy calves. Chicks,
mice, and calves also exhibited reduced growth.
Schroeder and Mitchener (1971), however, reported find-
ings that indicate much lower levels of nickel can be
toxic. Feeding 5 ppm nickel as a soluble salt in the
drinking water to reproducing rats resulted in 9.1 percent
young deaths and 30.6 percent runts in the first genera-
tion, 10.2 percent young deaths and 5.1 percent runts in
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the second, and 21 percent young deaths and 6.2 percent
runts in the third. The size of the litters decreased some-
what with each generation, and few males were bomn in
the third generation. Thus, nickel fed in doses that do not
interfere with growth or survival of weanling or adult rats
may be intolerable when fed to reproducing rats.
Evidence for a nickel deficiency that impairs human
health has not been found. However, since certain people
may have restricted intakes of nickel, or perhaps in-
creased needs in certain pathological disorders, and in
view of recent findings with experimental animals (Sun-
derman et al., 1972a; Nielsen et al., 1975a; Nielsen et al.,
1975b), this possibility should not be dismissed. Through
a series of experiments (Nielsen and Sauberlich, 1970;
Nielsen and Higgs, 1971; Nielsen and Ollerich, 1974;
Nielsen et al., 1975a, 1975b), a diet based on dried skim
milk and ground corn containing 3—4 ppb nickel has been
. developed. Feeding this diet to chicks and rats in trace-
metal-deficient controlled environmental systems re-
sulted in impaired liver metabolism and morphology. The
findings in chicks included a reduced ability to oxidize
a-glycerophosphate, decreased phospholipids, and ultra-
structural degeneration in the liver. The ultrastructural
abnormalities included dilation of the cisternae of the
rough endoplasmic reticulum, enlargement of the
mitochondria with loss of density in the matrix, dilation of
the perinuclear space, condensation of peripheral nuclear
chromatin, and pyknotic nuclei. Sunderman et al. (1972a)
demonstrated a dilation of the perimitochondrial rough
endoplasmic reticulum in the hepatocytes of nickel-
deprived chicks. Deficient rats exhibited slower growth,
lower hematocrits and liver cholesterol, and ultrastruc-
tural changes in the liver with the most obvious differ-
ence in the amount and organization of the rough endo-
plasmic reticulum (Nielsen et al., 1975b; Schnegg and
Kirchgessner, 1975). To date, a minimum dietary re-
quirement for nickel (52 ppb) has only been established
for chicks (Nielsen et al., 1975a). Assuming that humans
require approximately the same, it may be possible that
some people may not be consuming adequate nickel. The
diet that Schroeder et al. (1962) calculated to supply 3-10
pg of nickel per day would contain only 6.6-22 ppb
nickel. Thus, studies are needed to ascertain whether
nickel is essential for humans and whether nickel defi-
ciency in humans is a naturally occurring phenomenon.

Nickel and Cancer

Various forms of nickel are known to be carcinogenic to
experimental animals (Sunderman, 1971). The car-
cinogenic potency of nickel compounds may be inversely
related to their solubilities in water. For example, metal-
lic nickel dust, nickel sulfide, nickel carbonate, nickel
oxide, nickel carbonyl, and nickelocene are carcinogenic
and only sparingly water soluble, while soluble salts of
nickel (e.g., nickel chloride, nickel sulfate, and nickel
ammonium sulfate) are not known to be carcinogenic.
Epidemiological evidence links nickel dusts at nickel
smelters with nose and lung cancer in workers. The risk

of cancer increases with increased dust levels. Further-
more, exposure to conversion, by roasting, of nickel sul-
fide (NisS,) to nickel oxide (NiQ) is liable to cause lung
cancer. According to recent epidemiological studies these
occupational hazards have apparently been eliminated in
nickel refineries or in other industries where workers are
exposed to nickel (Mastromatteo, 1967; Sunderman,
1968).

Nickel may be linked to lung cancer and cigarette
smoking. Cigarettes contain from 1.9 to 6.2 ug nickel, and
10-20 percent of the total nickel in tobacco is released
into the mainstream smoke (Sunderman and Sunderman,
1961; Sunderman et al., 1968). Nickel carbonyl may be
stable in tobacco smoke, and studies are under way to
ascertain whether nickel carbonyl is a causal factor of
lung cancer in cigarette smoking,.

Polycyclic aromatic hydrocarbons apparently are
synergistic with nickel compounds in carcinogenesis.
Cigarette-smoking workers in nickel refineries may be
subjected to a higher risk of lung cancer because of this
synergism (Doll et al., 1970).

Treagan and Furst (1970) suggest that exposures to
nickel could increase the rate of replication of tumor
viruses.

RECOMMENDATIONS

So far, no geographic distribution of nickel that can be
correlated to disease has become apparent, although
nickel does affect human health in unique situations. The
following recommendations for research are therefore

made:

1. Develop analytical methods to determine the chem-
ical and physical state of nickel in stack gases of nickel
smelters and oil- and coal-burning plants, and improve
existing methods for the determination of nickel in all
kinds of materials.

2. Obtain new data on the content of nickel in all kinds
of materials to replace the older suspect data.

3. Measure precisely the nickel content of emissions
from selected nickel-processing industrial plants and
from oil- and coal-burning plants.

4. Determine the exact form(s) of metallic nickel and
nickel-bearing chemical compounds that cause(s) cancer.

5. Maintain detailed health records for the people who
live in areas where nickel is mined and in areas that
contain high concentrations of nickel in the rocks and
soils (such as the Sudbury district in Ontario, Canada; the
island of New Caledonia in the South Pacific; and Riddle,
Oregon, in the United States).

6. Isolate and identify the biological forms of nickel in
food sources, and determine the bioavailability and
biotoxicity of these forms to animals and humans.

7. Continue studies on the effect of nickel in foods
from the agricultural use of sewage sludges. Nickel in
sludge from various sources should be closely monitored.

8. Determine the precise metabolic role of nickel in
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animals, including man. Ascertain through further exper-
iments the level of ingested nickel that can affect repro-
duction in animals. If relatively low levels of ingested
nickel are found to be toxic for reproduction in animals,
carry out surveys to see whether this is a problem in
certain human populations.

9. Ascertain whether nickel deficiency occurs in hu-
mans.

10. Design studies to ascertain whether nickel is an
essential element for higher plants. .
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Silicon

HOWARD C. HOPPS, Chairman

Edith M. Carlisle, Justin A. McKeague,
Raymond Siever, Peter ]. Van Soest

Silicon, atomic number 14, has an atomic weight of 28.09
and three naturally occurring stable isotopes, 28, 29, and
30. There are, in addition, five radioactive isotopes. Silicon
is second only to oxygen as the most common element in
the earth’s crust, and its inorganic compounds, the silicates,
make up the great bulk of rocks and soils exposed at the
surface. Despite its abundance, silicon has received rela-
tively little attention as an element of biological impor-
tance, except for a long history of discussion about the
essentiality of silicon for some plants and more than a
century of concern about silicosis, a disease that was early
related to inhalation of silica dust by miners and mill
workers.

The oxides of silicon, however, have been exhaustively
investigated by geologists and geochemists. Industrial
chemists have put silica and sodium silicates to practical
use in a variety of ways, beginning with the ancient use of
water glass as glue. Since the 1950’s, silica chemistry has
had a firm foundation based on knowledge of the nature
of its solids and solutions, their chemical reactions, and
polymerization-depolymerization reactions. Much of the
literature on industrial silicate chemistry is summarized
by Iler (1955) and Sosman (1965); the latter emphasizes
solid phases.

Silicon has been recognized as an essential element for
certain lower organisms, notably diatoms, for many years.
Evidence is accumulating that silicon may play an essen-
tial role in certain plants, e.g., Equisetum, rice, and sugar-
cane, and, since 1972, silicon has been shown to be
essential for certain higher animals (chicken and rat),

where it contributes to the formation of both bone and
cartilage.

In terms of the relationship of silicon to human disease,
several relatively new entities have been recognized,
notably siliceous urolithiasis. Moreover, the pathogenesis
of one of the “old” diseases—silicosis—has become much
clearer. A comparatively newly recognized disease, as-
bestosis, is of great current concern because of the realiza-
tion that exposure to asbestos is widespread (i.e., not
simply an occupational hazard) and that asbestos is car-
cinogenic. The problem of exposure to asbestos fibers,
and of the consequences of such exposure, has high
priority among the several federal agencies concerned
with occupational health and with environmental protec-
tion.

GEOCHEMISTRY AND OCCURRENCE

Silica abundance in natural waters and the general out-
line of the geochemical cycle of silicon has been sketched
by Siever (1957, 1972), as shown in Figures 5 and 6.
Silicon is released from silicate rocks by weathering and
enters the natural water system at that point. Some dis-
solved silica in soil water enters the biological cycle
through absorption by plant roots. The bulk of the dis-
solved silica migrates to the ocean via surface water and
groundwater.

The removal of silica from ocean water has been a
source of controversy; most scientists favor removal en-
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FIGURE 5 Silica abundance in natural waters. Volume of
“buildings” roughly proportional to absolute amounts of silica in
solution. Height of “buildings” roughly proportional to concen-
trations of silica in solution. Reproduced by permission from
Raymond Siever and The American Mineralogist 42:836, Fig-
ure 1. Copyright by Mineralogical Society of America, 1957.

tirely by biological populations (mainly diatoms and
radiolaria), but others consider removal by sorption on
detrital clay minerals in the ocean important. This argu-
ment has been summarized by Siever and Woodford
(1973).

Regardless of the precise proportion, it is generally
agreed that the vast bulk of dissolved silicon in the ocean
is removed steadily by silica-secreting organisms. Their
activity depletes silicon in surface waters of the ocean,
which contain levels of 0.1-1.0 ppm silicon in most areas.
Concentration of silicon in bottom waters tends to be
somewhathigher; some silicon isreleased by dissolution of
the silica shells sedimented to the bottom after death of
the organisms. In some of these diatom and radiolarian
ooze sediments, silicon values are as high as 12-15 ppm.
Additional silicon may come from back diffusion from
interstitial water of recently deposited sediment.

The most important factors in controlling the concentra-
tion of silicon in groundwater and surface water are rock
types, precipitation, and runoff rates. Potable waters con-
tain 2-20 ppm silicon, which constitutes normally about
5-10 percent of the total dissolved solids. Certain alkaline
waters contain from a few to several thousand ppm sili-
con. The higher silica values come from areas underlain
by volcanic rocks such as basalts and andesites. The lower
range of values, some as low as 2-3 ppm, comes from
limestone terrains where little silicate is available for
weathering. Laterite soils, occurring in deeply wea-
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thered, leached termains, are low in silicon. Thus, in some
tropical rain forests, most of the available silicon is in the
silicon-accumulator plants rather than in the soil. High
runoff levels, of course, also decrease silicon concentra-
tions by extreme dilution of groundwater and surface
water. Davis (1964, 1969) has summarized the controls on
silica concentrations in streams and groundwater.

Solid Phases

Silicon occurs largely in nature as the oxide silica (SiQ,).
Silica exists in several polymorphic modifications at low
to moderate pressures: quartz, cristobalite, tridymite, and
amorphous or glassy forms.

At temperatures below 100° C, the two important phases
are quartz and amorphous silica. Quartz is the stable
phase; amorphous silica persists metastably for geologi-
cally significant times and is thus important in biological
systems. Virtually all quartz is coated with a surface layer
at least several hundred angstroms thick of amorphous
silica, formed by disordering and hydration of the crystal-
line quartz surface. Amorphous silicas display a variety of
states of aggregation, hydration, and density, depending
on their modes of formation. These range from fused
silica glass (the densest anhydrous form) to porous, exten-
sively hydrated silica gels. Opal is a special variety of
amorphous silica that has a lower range of hydration states
and higher densities than most gels. Opal eventually
assumes the short-range crystalline structure of cristobal-
ite. Biogenic silica is either amorphous or some organi-
cally complexed material having similar physical
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FIGURE 6 The silica cycle. Reproduced by permission from
Raymond Siever and The American Mineralogist 42:837, Fig-
ure 2. Copyright by Mineralogical Society of America, 1957.
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properties. No occurrence of crystalline quartz of biologi-
cal origin is known.

Hundreds of silicate minerals have been described, all
containing the fundamental silicon tetrahedron (SiO,™)
building block. A great many combinations of cations that
have polymeric or monomeric crystalline structures are
known. These include the clay minerals, and other hy-
drous aluminosilicates, that are prominent constituents of
soils. Others that have been implicated in biological sys-
tems are the asbestos minerals—a serpentine group
(chrysotile), and an amphibole group of hydrous mag-
nesium silicates.

Organic Carbon Compounds of Silica

Organosilicon compounds (silicones), containing a
silicon—carbon bond, are synthetically produced and re-
main a question mark in biological and geological sys-
tems. Reports on the occurrence of silicic esters in nature
are ambiguous (Rochow, 1951; Siever and Scott, 1963).
Any such compounds that might be present would be
transient species, or so labile as to defy extraction and
analysis (Van Soest, 1970). Some evidence suggests that
organic-complexed silicon does occur in plants (Van Soest
and Lovelace, 1969).

The most recent review of silica organic geochemistry
is by Siever and Scott (1963). Iler (1955) summarizes the
organic silicon chemistry literature as of 1954.

Silica Solubility and Rates of Solution

Siever (1972) has reviewed the general solution
geochemistry of silica. Quartz solubility is very low, in
the range of 3-5 ppm silicon at 25° C (All parts-per-million
figures for Si compounds are given in terms of sili-
con, unless otherwise specified). Amorphous silica solu-
bility is an order of magnitude higher, 60-70 ppm. Be-
cause it is metastable, it controls dissolved silica abun-
dance over the short term in natural aqueous systems.
The rate of solution of amorphous silica is strongly af-
fected by pH; for example, amorphous silica at pH 6 takes
approximately 10 times as long to achieve equivalent
concentrations as it does at pH 8. Increasing ionic
strength of the solvent does not affect solubility, but does
seem to increase slightly the rate of solution. The domi-
nant species in undersaturated or saturated solutions at
pH values between 4 and 9 is H,SiO,, monomeric silicic
acid. In supersaturated or alkaline solutions, it may
polymerize to varying extents.

Both solubility and rate of solution increase signifi-
cantly as temperature rises. The solubility of amorphous
silica is approximately doubled between 25° and 75° C.
The solubility of quartz rises even more steeply.

Gel formation involves polymerization of H,SiO, units
in a supersaturated solution. The rate of gel formation
increases with degree of supersaturation, amount of im-
purities, and ionic strength. Gel rate is fastest in the pH
region between 4 and 7, decreasing at higher and lower
pH levels. Most geological and biological systems do not
permit stabilization of supersaturated silica sols.

Silicate minerals vary in their solubilities and solubility
rates. These can be characterized by solubility diagrams
such as those given by Garrels and Christ (1965). Equilib-
rium solubilities of many aluminosilicates are low, rang-
ing over levels from 1-10 ppm silicon; few are known ac-
curately. Some forms, such as anorthite feldspar (CaAl,
Si;0,), have much higher solubilities. Dissolved silica
released to solution by silicates is generally monomeric
H,SiO,, but there is some evidence of polysilicic acid poly-
mers as well (Weitz et al., 1950). Such polymers in under-
saturated solution depolymerize to the monomer over
hours or days. Polymeric reactions of this sort are not
known to occur in biological fluids.

The rates at which silicic acid is released from silicate
minerals depend to a certain extent on their solubilities;
the more unstable the species in general, the more rapid
the dissolution. Silica and silicates probably follow the
same general kinetic paths of dissolution. Initial release of
silica (also cations and, depending on pH, aluminum
species) is rapid for the first few hours, followed by a
period of several weeks (or months) during which the rate
of release decreases parabolically. After some additional
weeks (or months), the release of silica further decreases
at a much lower rate. Within a year’s time, the release
has essentially stopped.

Silicon in Soil Solutions and Soil Extracts

Silicon in soil solutions may be thought of as the begin-
ning point of the biological cycle of silicon. In general
terms, when water enters the soil, silicon is released
rapidly, and near-equilibrium concentrations of silicon in
solution (usually H,Si0,) are reached within a few hours.
Monosilicic acid is taken up with water by plants and
deposited as amorphous silica (and probably organic-
complex forms) in the plant tissue as water is transpired.
Russell (1961) estimated that twice as much silicon is
cycled annually by plants as is lost in drainage waters.
Animals feeding on such plants ingest both soluble silicon
in the sap and amorphous silica deposits. Most of the
silicon ingested by animals is excreted in the feces; a
minor portion in the urine. A very small amount is re-
tained, however, and plays an essential role in some
species (Carlisle, 1972a).

The silicon concentrations of most soil solutions proba-
bly fall within the range of 2-20 ppm; however, concen-
trations of silicon ranging from less than 1 ppm to nearly
200 ppm have been reported in aqueous extracts of soils
(Acquaye and Tinsley, 1964; Jones and Handreck, 1967;
McKeague and Cline, 1963c). Although much of this
range reflects differences in the soils involved, part is
probably the result of different procedures used in obtain-
ing the extracts. Three general kinds of solutions were
analyzed:

1. Extracts of soils at their natural water contents or at
“field capacity’” (1/3 bar). Concentrations of silicon in
such extracts of some soils in Australia ranged from 14 to
19 ppm (Jones and Handreck, 1965b, 1967).

2. Extracts of soil-water suspensions of various ratios,
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commonly 1:1 to 1:5 (McKeague and Cline, 1963a; Ac-
quaye and Tinsley, 1964; Jones and Handreck, 1967;
Weaver ¢t al., 1971; Elgawhary and Lindsay, 1972). Con-
centrations of silicon range from 1 to 25 ppm generally in
such extracts. Extracts of water-saturated soils contained
silicon at concentrations of 3-17 ppm (Raupach, 1957)
and 4-10 ppm (McKeague and Cline, 1963a).

3. Drainage water from soils (McKeague and Cline,
1963¢; Acquaye and Tinsley, 1964) commonly contains
less than 10 ppm silicon. Unpublished data of F. ]. Sow-
den (personal communication, 1973) for tile effluent in
the Ottawa area shows silicon concentrations of 7-8 ppm.

Although the concentrations of silicon in these kinds of
solution are not widely different, the values for those from
soils below saturation are generally higher than those for
drainage waters or for suspensions of low soil:water
ratios.

The concentration of silicon in solution in a soil extract
is determined by the following factors:

® The degree of weathering The concentration of sili-
con in soil solution is much greater in soils developed in
young volcanic ash deposits than in old, highly weathered
soils composed mainly of oxides of iron and aluminum.
This seems consistent with results for drainage waters; for
example, Kobayashi (1960) reported an average silicon
concentration of 21 ppm in Japanese rivers draining areas
of volcanic rocks and 4.8 ppm in rivers draining areas of
sedimentary rocks.

® The pH Increasing the pH to about 9 decreases the
silicon concentration. For example, changing the pH
from 4.5 to 7.9 resulted in a change in silicon concentra-
tion from 6.4 to 0.9 ppm in a 1:4 soil:borate buffer suspen-
sion (McKeague and Cline, 1963a). For a soil at 1/3 bar
water tension, silicon in solution decreased from 33 to 11
ppm when the pH was changed from 5.4 to 7.2 (Jones and
Handreck, 1967). Increasing the pH beyond approxi-
mately 9.5 appears to result in sharply increased concen-
trations of silicon in solution, presumably resulting from
the formation of HiSiO,~. For example, Kelley and Brown
(1939) reported a silicon concentration of 175 ppmina 1:5
soil:water extract of a soil having a pH of 10.4. Much
higher silicon concentrations, beyond 1,200 ppm, occur in
some alkaline lakes (Jones et al., 1967), but such concen-
trations are probably very rare in soil solutions. Further-
more, such soils would be of little significance in the
production of plants. Although pH has a marked effect on
the concentration of silicon in solution in a given soil, the
concentrations of silicon in solution in soils generally
cannot be predicted accurately from pH alone.

® Iron and aluminum oxides of high surface area
These substances have a marked capacity to sorb H,SiO,
(Beckwith and Reeve, 1963; McKeague and Cline, 1963b;
Jones and Handreck, 1967). Recent work throws some
light on the mechanism of adsorption of dissolved silica
by goethite (Hingston et al., 1967, 1968) and soils (Obi-
hara and Russell, 1972).

® Temperature Silicon in soil solution increases with
temperature. For example, McKeague and Cline (1963a)
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reported almost double the concentration of silicon in
extracts of 1:2 soil: water mixtures at 25° C compared with
those maintained at 4° C. Similar temperature effects
were reported by Fanning and Pilson (1971) for silicon in
solution in marine sediments.

® Treatment of soil and method of equilibration Dry-
ing and grinding the soil before equilibration with water
may result in either higher or lower concentrations of
silicon in solution than those obtained with moist soil
otherwise treated in the same way (Acquaye and Tinsley,
1964). Shaking soil-water suspensions may result in mark-
edly higher concentrations of silicon in solution than
those obtained without shaking, and equilibrium values
may not be attained (McKeague and Cline, 1963a). Shak-
ing quartz-water suspensions at 25° C yielded concentra-
tions of silicon in solution of as much as 200 ppm (Morey
et al., 1962). Increasing the soil:water ratio results in
increased concentrations of silicon in solution (McKeague
and Cline, 1963a, 1963c¢; Jones and Handreck, 1967).

® Degree of leaching of soil Highly leached soils gen-
erally have lower concentrations of silicon in solution
than do weakly leached soils of similar composition
(McKeague and Cline, 1963c).

® Freezing Freezing and subsequent thawing of a soil
has been reported to result in a decrease in the concentra-
tion of silicon in solution (Slavnyy and Vorob’yeva, 1962),
but few data are available.

® Reduction of soil as a result of flooding Flooding
may double the concentration of silicon in soil solution,
particularly if appreciable organic matter is introduced
(McKeague and Cline, 1963¢; Ponnamperuma, 1964).
This effect is thought to be the result of the reduction of
ferric hydroxides, which have a high capacity to absorb
H,SiO, (Ponnamperuma, 1964).

Tiller (1967, 1968) has shown that clays sorb more
heavy metal cations such as zinc, cobalt, and nickel in the
presence of monosilicic acid in solution than in the ab-
sence of added silicon. He considered that the adsorption
of H,SiO, by the clays probably provided additional ad-
sorption sites for the heavy metals.

ANALYTICAL METHODS

The analytical chemistry of silicon is well known. In high
concentrations, such as 1,000 ppm or more, classical
gravimetric analyses will suffice, but in the more typical
concentration range of 0.1-10.0 ppm, colorimetric deter-
mination by silicomolybdate complexing is the preferred
method. For concentrations above 5 ppm, the yellow
(oxidized) form is appropriate for monomeric dissolved
silica; for lower concentrations, the reduced blue
silicomolybdate is used. Colorimetry is standardized by
reference to pure quartz crystal, which can be obtained in
a remarkably pure state. Analyses of solutions with phos-
phate or arsenate are more complicated because both
form molybdate complexes. In such solutions, either con-
ditions must be chosen to avoid interferences (e.g., ad-
justment of pH) or the interfering substances must be
separated.
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The wide range of silicon content reported in animal
tissues by some of the early French and German inves-
tigators probably reflects interference by phosphorus in
the analytical method used (earlier work reviewed by
King and Belt, 1938). Improvements in analytical tech-
niques have allowed more accurate determinations to be
made (King, 1939; King et al., 1955), but, even with
improved techniques, precautions must be taken to avoid
interference by phosphorus in biological tissues. Con-
versely, silicon interferes with the determination of
phosphorus in drainage water from soils, as shown by
Sowden (1972), among others. Unless precautions are
taken to correct for or to eliminate the interference from
silicon, phosphorus values may be in error.

In analyzing soils, different results may be obtained
depending on whether the soil is moist or dry before
equilibration with water (Acquaye and Tinsley, 1964).
McKeague and Cline (1963a) also report markedly higher
concentrations for shaken than for unshaken soil-water
suspensions and when soil: water ratios are increased.

Because of the simplicity and ready availability of
newer analytical methods, such as atomic absorption, the
number of analyses of silicon in geological and biological
materials has been steadily growing for the past decade.
With certain complex biochemical mixtures (e.g., bone),
however, the present methodology needs further de-
velopment. Between 1969 and 1972, Carlisle (personal
communication, 1973) tested the suitability for animal
tissues of 23 methods for quantitative analysis of silicon.
She concluded that, although a satisfactory general col-
orimetric method has been developed for most biological
tissues, there are many appropriate modifications (Volk
and Weintraub, 1958; Paul, 1965; Chalmers and Sinclair,
1966), one of the best being that developed by Jankowiak
and LeVier (1971). Bone is a special case, and, for this
tissue, emission spectrography, although it requires spe-
cial techniques, is the best method available at present,
particularly with small samples.

SILICON IN PLANTS

Geographic Factors

High levels of silicon are likely to be found in plants in
the following regions:

® Semiarid to arid areas, especially those with alkaline
soils, where little leaching has occurred, e.g., the drier
areas of the great plains of North America.

® Areas of fresh volcanic ash or of highly weatherable
silicate minerals such as olivine or pyroxene.

® Areas adjacent to hot springs or discharge areas of
groundwater high in silicon.

® Areas containing fine-textured soils with low contents
of free iron and aluminum oxides.

® Areas of poorly drained, reduced soils.

Low levels of silicon in plants are generally associated
with the following:

® Areas of highly weathered soils composed mainly of
oxides of iron and aluminum (oxisols). (Such soils occur
principally in tropical areas on old landscapes, such as
parts of India, Ceylon, Puerto Rico, and Hawaii.)

e Highly leached, coarse-textured soils.

® Soils developed from limestone of low silicon con-
tent.

Although these relationships do affect the silicon content
of plants, inherent differences in the abilities of plants to
exclude or to take up silicon exert a much greater influ-
ence than do the geographic factors. The silicon content
of different plants grown on the same soil may vary by two
orders of magnitude.

Uptake and Essentiality

Plant uptake of silicon is governed by the concentration of
silicon in the soil solution and the nature of the plant.
Factors that control the concentration of silicon in soil
solutions were discussed previously.

Jones and Handreck (1965b) grew oats in soil and soil-
oxide mixtures that had a wide range of concentrations of
silicon in solution. Their data, some of which are tabu-
lated in Table 8, showed that total silica in the plant tops
was directly proportional to the concentration of
monosilicic acid in the soil solution.

For rice plants, the silicon content of leaves and stems
(dry wt) increased from 0.03 percent for plants grown in
solutions containing no detectable silicon to 3.74 percent
for plants growing in solutions containing silicon at a
concentration of 47 ppm (Okuda and Takahashi, 1964).
The silicon content of the plants was not directly propor-
tional to the silicon concentration of the nutrient solution,
however, as the transpiration ratio decreased from 4.5 to
3.3 at no detectable and at 47 ppm silicon, respectively.
The silica content of crimson clover was approximately
proportional to the concentration of silicon in solution,
although the percentages of silica were very low (Hand-
reck and Jones, 1967). Reports of increases in the silicon
content of plants due to acidification of soil, addition of
soluble silicates, and reduction of soil by flooding are
consistent with the information on effects of these treat-
ments on the silicon content of the soil solution (Jones
and Handreck, 1967). Similarly, reports of decreases in
the silicon content of plants due to liming and to additions
of iron or aluminum oxides are consistent with the known
effects of these treatments on the concentration of silicon
in soil solutions.

Abundant data show that there are marked differences
in the tendencies of various plants to accumulate silicon,
although the reasons for these differences are not com-
pletely clear (Lovering, 1959; Russell, 1961; Jones and
Handreck, 1967; Lewin and Reimann, 1969). Some of
these data are presented in Table 9. The silicon composi-
tion of a number of plants is given in Table 10.
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TABLE 8 Dissolved Silica Content of Oat Plants and Soil Solutions (as SiO,)
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Si0, Total Si0, Si0, Water §i0y
Plant  in Solution, ppm  Dry Matter, g  in Dry Matter, % in Plants, mg/plant Transpired, kg/plant  Expected, mg/plant
A 7 7.07 0.40 28.3 3.86 27.0
B 54 6.40 2.77 177.0 3.27 176.0
C 67 6.92 3.96 274.0 3.90 261.0

SOURCE: Jones and Handreck (1965b).

TABLE 9 Removal of Silicon by Various Crops per Acre of Soil

Dry Weight, Total ash, Si as Percent
Crop Part of Plant Ib Ib Si, Ib of Dry Weight
Wheat Seed 1,530 30 0.3 0.02
Straw 2,560 142 45.0 1.76
Qats Seed 1,630 51 9.3 0.57
Straw 2,350 140 30.6 1.30
Beans Seed 1,610 58 0.2 0.01
Stems and leaves 1,850 99 32 0.17
Meadow hay — 2,820 203 26.6 0.94
Red clover hay —_ 3,760 258 3.3 0.09
Turnips Roots 3,130 218 12 0.04
Leaves 1,530 146 24 0.16
Marigolds Roots 5,910 426 4.1 0.07
Leaves 1,650 254 43 0.26
Potatoes Tubers 3,360 127 1.2 0.04
sounce: Russell (1961).
TABLE 10 Silicon Content of Plants
Si Si0; in
Species Material Dry Tissue, ppm Total Ash, %
Crimson clover Aerial growth 560 14
Peas Aerial growth 1,080 32
Alfalfa Aerial growth 1,000~ 2,400 2.5-7
Reed canary Aerial growth 2,800-40,000 8-56
Tall fescue Aerial growth 4,200-23,000 17-51
Coastal Bermuda Aerial growth 3,300-32,000 10-53
Oats Leaf 25,000 40
Culm® 4,800 N.A?
Inflorescence 36,000 N.A.
Rice Polished grain 230 9
Bran 21,500 37
Hulls 107,000 jee]
Straw 63,500 73

* Blades, sheaths, and stems.

* Not available.
SOURCE: Van Soest (1970).
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Some plants, such as the legumes, have levels close to
those of animal tissues. Other plants are accumulators to a
varying extent, as shown by comparison of grasses, oats,
and rice. The flowering part of the plant has the highest
concentration, while the endosperm is quite low in sili-
con. Silicon in grass varies widely, depending on the
region in which the grasses are grown and on the species
(Van Soest and Jones, 1968; Van Soest, 1969). Rice straw
commonly contains more than 5 percent silicon, and the
silicon content of Equisetum is similar (Okuda and
Takahashi, 1964; Jones and Handreck, 1967; Lewin and
Reimann, 1969).

Plants can be sorted into three classes according to their
tendency to take up silicon:

® Plants that take up silicon passively These plants
make no discrimination between H,0 and H,SiO,. Oats is
an example of this class (Table 8). The total silica in the
tops has been accounted for in terms of the silicon con-
centration in the soil solution and the amount of water
transpired (Jones and Handreck, 1965b). The silicon con-
centration of the xylem sap at the base of the stem was
similar to that in the soil solution (Handreck and Jones,
1968).

® Plants that actively take wup silicon (e.g.,
rice) Okuda and Takahashi (1964) showed that the con-
centration of silicon in the xylem sap of rice plants was
much greater than that in the external solution. They
found that 37 h after the introduction of rice plants, the
silicon concentration of a nutrient solution decreased
from 47 ppm to less than 5 ppm, but the xylem sap
contained 300 ppm silicon.

Okuda and Takahashi (1964) concluded that metabolic
processes in the roots were closely linked to the capacity
of rice to take up silicon. Tops of rice plants contained no
more silicon than did tops of wheat or tomato plants, but
rice roots took up silicon more than 10 times as rapidly as
the tops. In wheat and tomato plants, roots contained
silicon in concentrations similar to those for tops.

® Plants that restrict the uptake of silicon Handreck
and Jones (1967) and Jones and Handreck (1969) found
that the concentration of silicon in the xylem sap of whole
crimson clover plants was only about 6 percent of that in
the external solution. Although clover and oats had simi-
lar transpiration ratios, the silicon in clover tops was only
5-10 percent of that in oats grown in the same soils. Roots
of the clover plants contained approximately eight times
as much silicon as the tops. The authors concluded that
crimson clover either excludes H,SiO, at its external
surface or binds it within the root by an unknown mecha-
nism.

Deposition of Silicon in Plants

Silicon enters plants as H SiO, but is deposited as silica
(8i0;) (Jones and Handreck, 1967; Handreck and Jones,
1968; Lewin and Reimann, 1969). Analyses of the sap of
oat plants (Jones and Handreck, 1965b) and of rice plants
(Okuda and Takahashi, 1964; Jones and Handreck, 1967)

show that the concentration of H,SiO, in sap can exceed
that of a solution saturated with amorphous silica.

Silicon is probably deposited in plant tissue as amor-
phous or opaline silica with a water content commonly of 1
to 1.5 percent (Iler, 1955; Jones and Milne, 1963; Lewin
and Reimann, 1969). Other reports, however, describe the
occurrence of organic complexes (Engel, 1953; Heinen,
1963; Lovering and Engel, 1967). Opal is ordinarily ob-
tained after wet ashing with acid, suggesting that it is
synthesized by acid treatment (Drum, 1968). The organic
forms that may occur in plants appear to be very unstable
(Coombs and Volcani, 1968), particularly in the presence
of traces of acid (Van Soest and Lovelace, 1969). It has
been suggested that the organic bound silica is com-
plexed by carbohydrate in plants (Van Soest and
Lovelace, 1969) and in animal tissues (Johlin, 1932). Lov-
ering and Engel (1967) suggested that it occurs in soluble
complexes with polyphenols in a kind of silicone linkage.
The organic complexes, if they occur in the plant, have
defied isolation and characterization so far (Coombs and
Volcani, 1968).

Plant silica has been shown to exist in at least two
forms, based on solubility criteria (Brown, 1927; Van
Soest and Lovelace, 1969). One form has a solubility of
approximately 200 ppm (as silicon) in boiling water; the
second has a much lower solubility—approximately 0.2—
0.5 ppm. Such solutions contain organic matter, and rate-
of-solution studies suggest the hydrolysis of a hydrogen-
bonded silica-organic complex (M. G. Jackson, personal
communication, 1973). Such association is necessary to
account for the depressing effects of biogenic silica on
digestibility of structural carbohydrates in straw and
grasses.

Table 11 lists soluble silica for a number of species.
Proportions of the two phases vary among forages; rice
hulls and horsetail (Equisetum) show only the soluble
phase, whereas all leafy graminaceous plants show two
phases. The lowest proportion of hot-water-soluble silica
occurs in plants from arid regions. Whether transpiration
has a role in determining the amount of a given form of
silica in plants remains an open question.

Detailed studies by Handreck and Jones (1968) on
silica in oat plants suggested that H,SiO, moved with the
transpiration stream and that silica was deposited in the
greatest quantities in those parts of the plant from which
water was lost in the greatest quantities.

Detailed morphologic studies of plant silica show that
epidermal cells are usually impregnated with silica and
that it is probably deposited in intimate association with
the cell wall (Yoshida et al., 1962; Jones et al., 1963).
Jones et al. (1963), in their studies of oats, found that cell
walls thickened with cellulose or lignin were always
impregnated with silica. Yoshida et al. (1962) reported
that silica was combined with cellulose in the epidermal
cells of the leaf blade of rice.

The Role of Silicon in Plants
In plants beneficial effects attributed to silicon have been
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TABLE 11 Siliceous Fractions in Forages
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Potentially® Percent
Total Soluble of Total
Material Source Silicon, % of dry matter Silicon, % of dry matter Silicon, % of dry matter
Equisetum Washington 39 39 100
Rice hulls Texas 10.7 10.6 99
Rice straw Arkansas 6.0 4.9 79
Buffalo grass Kansas 3.2 2.9 88
Brome South Dakota 2.4 2.1 87
Reed canary South Dakota 4.1 2.9 69
Oat leaves (hydroponic) 2.0 14 64
Fescue Arizona 4.2 1.8 43
Indian rice grass Utah 2.5 1.1 43

* Soluble silicon obtained by exhanstive extractions with boiling water.
sOURCE: Van Soest and Lovelace (1968).

summarized by Okuda and Takahashi (1964), Jones and
Handreck (1967), and Lewin and Reimann (1969):

® Resistance to fungal disease and insect attack has
been attributed to toughening of the epidermis by the
deposition of SiO, (Sasamoto, 1958; Volk et al., 1958).
According to Okuda and Takahashi (1964), however, this
explanation is not adequate.

® Alleviation of manganese toxicity in plants such as
wheat, oats, and rice. Silicon also promotes the oxidation
capacity of rice roots and thus avoids Fe?* toxicity.

® Depression of the transpiration ratio.

® Promotion of the translocation of absorbed phos-
phorus to the panicle of rice.

o Improvement of seed retention, and, perhaps,
strengthening cereal stems, thus helping to prevent lodg-
ing (bending over or breaking of the stalks).

Yields of rice are markedly higher in the presence of a
generous supply of soluble silicon than in its absence,
and, for degraded paddy fields, silicon-containing fertiliz-
ing materials are commonly added (Okuda and
Takahashi, 1964). Some of the soils involved are highly
weathered oxisols with relatively low silicon contents
that have the property of binding phosphate in an un-
available form. Addition of silicates raises the pH, re-
leases phosphate, and precipitates soluble iron, alumi-
num, and manganese (Russell, 1961; McKeague and
Cline, 1963¢; Clements, 1965; Ayres, 1966; Jones and
Handreck, 1967). Silicate fertilization of sugarcane mark-
edly increases dry-matter yield, including sugar (Cle-
ments, 1965; Alexander, 1968) and moderates toxicity of
manganese at the leaf level (Clements and Awada, 1967).
Application of silicate solutions to the leaves of cane
increases sugar and protein content, showing that not all
the effects of silicon relate to its influence on the soil
(Alexander, 1968). Production of other plants that nor-
mally have a high silicon content, such as wheat, oats, and
Equisetum, is probably improved when an adequate sup-
ply of soluble silicon is present (Okuda and Takahashi,

1964; Fox et al., 1969; Lewin and Reimann, 1969). Cell
division of diatoms ceases in the absence of silicon in
solution (Lewin and Reimann, 1969).

Although beneficial in some plants, the question of the
essentiality of silicon to plants remains unresolved (Lewin
and Reimann, 1969). One viewpoint regards silicon as a
passive element with respect to plant metaboism, exerting
beneficial effects by modifying the soil environment
(Yoshida et al., 1962; Jones and Handreck, 1967). Another
view is that silicon is essential to the plant—i.e., required
for specific metabolic and structural functions (Alexander,
1968; Lewin and Reimann, 1969).

SILICON IN ANIMALS AND HUMANS

Plant Content of Silicon Related to Animal Feeding

Silicon has an adverse influence on the digestibility and
nutritive value of fibrous plant feed and forages (Smith et
al., 1971a). Silicon affects digestibility by two mecha-
nisms: first, by substituting (in volume) for nutrients
because it is essentially indigestible matter; and second,
by inhibiting the digestion of cellulosic carbohydrates.
The mechanism of the latter effect is not understood,
because the complexes between silicic acid and the car-
bohydrates have not been adequately characterized. Re-
moval of the hot-water-soluble phase of silicon from
plants (in vitro) significantly increases the fraction of
digestible organic matter by increasing availability of the
cellulosic carbohydrates (Van Soest and Jones, 1968; Van
Soest, 1970). The precise role of the nearly insoluble
phase is not known because of the difficulty in removing
this fraction without disrupting the ligno-cellulose com-
plex.

Plant silica interferes somewhat less with digestibility
than does lignin. Sullivan (1959) has reported regression
slopes for lignin on dry-matter digestibility for grasses in
the range of 2.1-6.6 units of digestibility per unit of
lignin; values for silicon range from 2 to 7.5 (Van Soest
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and Jones, 1968). A decline of approximately 3.4—4.2 units
is observed for the chemical effects of silica on digestible
dry matter and of approximately 2-3 units for the diluting
effect (Van Soest and Jones, 1968). Because cumulator
plants may contain as much as 5 percent silicon, the
diluting effect of silicon can be of considerable impor-
tance in feed quality.

From a practical view, adverse effects of silicon in
animal feeding occur only at high levels and occur in
two ways: First, from feeding directly on soil minerals
such as sand, clay, and vermiculite; and second, from
feeding of or grazing on cumulator plants. The first situa-
tion produces adverse effects because the minerals in-
gested are insoluble, and thus dilute the nutritive content
of the feed. These materials are not inert, however; clay
and vermiculite have considerable base exchange and
absorptive capacity. Denser minerals, such as quartz (in
the form of sand or gravel), have been reported to influ-
ence gains in beef cattle (Van Soest, 1970); but this is
probably because the passage of such materials is re-
tarded, and the so-called gain reflects the weight of the
retained quartz. The same holds for ingestion of soil by
grazing animals (Van Dyne and Lofgren, 1964).

The second category, consumption of siliceous plants,
presents a different set of problems. An important interac-
tion exists between silica and lignin, as shown in Table
12, which indicates that the sum of silica and lignin shows
a more consistent relation to digestibility than either

alone. The table also shows the great variation in silica
content of forages from different regions. As has been
previously mentioned, forage plants vary considerably
among species in their ability to concentrate silica. Varia-
tion of silica content within similar forages, and even
within the same species, is also very large. Climate, par-
ticularly light and temperature, is important, but the vari-
ation in soil silica provides an additional basis on which
to explain geographic differences in digestibility of com-
parable forages (Jones and Handreck, 1967).

Balance trials in animals indicate that almost all in-
gested silicon is unabsorbed, passing through the diges-
tive tract to be lost in the feces. Moreover, most of the
small proportion that is absorbed is excreted in the urine.
The proportion of absorbed silicon actually retained in
the body is not known. The occurrence of siliceous
uroliths, however, gives clear evidence that the quantity
of silicon absorbed, and excreted in the urine, under
conditions of high intake can be harmful. Many balance
studies in herbivores have shown that more silicon is
excreted than absorbed, which presumably reflects the
leaching and absorption of silicon from sand and gravel
lodged in pockets of the rumen or from residual plant
phytoliths. In ruminants, which have multiple stomachs,
the absorption of silicon occurs in the rumen (the animal’s
first stomach) at pH 5.5-6.5 prior to passage of ingested
material through the abomasum (the fourth, true digestive
stomach), which presents a much more acidic environ-

TABLE 12 Lignin and Silica Content of Forages in Relation to Digestibility

Apparent
Permanganate Si0,; + percentage of
Forage Source Si0,° % of dry matter Lignin, % of dry matter  Lignin, % of dry matter  Digestibility
Coastal Bermuda  Texas 2.2 4.7 6.9 56
Arkansas 2.3 6.0 8.3 50
South Carolina 0.7 8.5 9.2 53
Arizona (April) 4.1 4.9 9.0 55
Arizona (July) 6.2 4.8 11.0 47
Louisiana 6.7 55 12.2 42
Fescue Arkansas (April) 1.5 2.7 4.2 81
Arkansas (May) 0.9 5.1 6.0 67
Iowa (Oct) 4.0 3.5 75 63
Arkansas 4.5 6.4 10.9 48
Arizona 8.9 5.0 13.9 47
Reed canary Pennsylvania 0.6 5.3 5.9 62
Michigan 1.3 4.6 59 63
Michigan 4.0 34 74 57
Towa 5.4 5.9 11.3 45
South Dakota 8.8 4.5 13.3 50
Rice straw Arkansas 13.1 3.1 16.2 37
Rice hulls Texas 22.9 15.6 38.5 8
Correlation coefficients
(r) with ADDM% -0.877° -0.743% -0.916*

(apparent digestibility of dry matter)

“ Si0, (silica) values are approximately twice as large as comparable S (silicon) values.
* Statistically significant at the 1 percent level of probability.
SOURCE: Van Soest (1970).
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ment. In many monogastric animals, ingested material
encounters gastric HCI at very low pH initially—often
below 1. Under these conditions, absorption of silicon
from plants is greatly reduced. This behavior of plant
silicon does not extend to sodium silicate or other inor-
ganic sources of silicon.

Phytoliths as a Source of Silica

An important mechanism by which silicon enters higher
animal organisms is the ingestion or inhalation of
phytoliths. Phytoliths are minute bodies of amorphous
silica (opal) that are formed within a great variety of
plants. They have been extensively studied in grasses,
where they occur in and between the epidermal cells, as
well as in mineralized plant hairs, hooks, spines, and
allied structures (Baker, 1959). In grasses, they range from
long bamboo-like structures to small hemispheres, many
of them having a minimum dimension of 10 u or less.
Twiss et al. (1969) give an excellent description of
phytoliths in grasses and how they contribute to the
content of particular soils and paleosols.

Opal phytoliths are found in the sediments of the ocean
floor as well as in soils, and their mineralogical and
chemical properties have been extensively studied (Jones
and Beavers, 1963). Grazing animals contribute a great
deal to their distribution, because, through ingestion of
forage materials rich in silica, they release (by digestion)
and fragment the siliceous particles, depositing them
in the soil. Baker and Jones (1961) estimated that the
rumen contents of a sheep fed on oaten hay contained
nearly 10g of opal phytoliths. Smaller phytoliths are
readily dispersed by the wind and may be carried for
great distances (Folger et al., 1967).

Many of the smaller phytoliths are able to pass the
intestinal epithelial barrier of animals, including man,
and enter the lymphatic and blood vascular systems, thus
to be distributed throughout the body. Also, many of them
are inhaled and lodge permanently in the lungs or enter
the pulmonary vascular systems and are carried to various
internal organs and tissues. Baker and Jones (1961) ob-
served opal phytoliths in every prescapular, mediastinal,
mesenteric, popliteal, precrural, and bronchial lymph
node taken from slaughtered sheep. “One million
mineralized corpuscles were estimated to be present in
one prescapular lymph nodel” In a study of siliceous
urinary calculi in rams, they found opal phytoliths within
the calculi and concluded that these had entered the
blood stream and penetrated the glomerulus (in the kid-
neys) to reach the urinary tract, where they acted as
nuclei to initiate the precipitation of silica.

It has been suggested, particularly by Rose (1968), that
phytolithicosis may be a disease entity and that the
phytoliths in animal tissues may play a role in the genesis
of cancer, although there are no hard data to support this
view.

In addition to possibly producing pathologic effects,
the presence of phytoliths throughout many tissues, espe-
cially lungs, liver, lymph nodes, and spleen, makes it
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virtually impossible to determine the amount of silicon in
animal tissues that is actually contributing to physiologic
mechanisms.

Opal phytoliths (from oats) have a hardness in the range
of 4.5-6.2 on the Mohs scale, which is harder than the
tooth enamel of 4-yr-old sheep (Baker et al., 1959). This
characteristic has caused serious problems with respect to
abrasive wear of the teeth of grazing animals in the range
country of the western United States, as well as in por-
tions of Australia and South Africa. Dental erosion may be
so severe that, on occasion, teeth have been capped with
stainless steel to extend the useful life of selected ani-
mals. Underwood (1971, pp. 407-415) has calculated that
sheep under “normal” conditions in some areas will in-
gest approximately 14 kg of SiO, during a year. This
amount does not include the portion derived from the
contamination of leaf surfaces by silica-containing soil—
probably the major factor in tooth wear (Underwood,
1971).

Siliceous Calculi

A common problem of ruminants grazing siliceous grasses
in certain arid regions is urolithiasis, i.e., urinary calculi
(“stones”) in the kidney, ureter, or bladder (Emerick et
al., 1959; Underwood, 1971). High silicon intake, coupled
with a limited supply of drinking water, results in renal
concentration of silicic acids to a supersaturated solution.
The relation between intake of silica and its excretion in
sheep under conditions of varying silicon and water in-
take has been studied in detail by Jones and Handreck
(1965a).

Stones from animals grazing silicon cumulator plants
are composed almost entirely of hydrated silica (Jones
and Handreck, 1967). Urolithiasis has not been produced
by the consumption of dry products very high in silicon,
such as rice hulls (Whiting et al., 1958), or by the feeding
of soluble sodium silicate. However, supplementation of
diets with tetraethyl orthosilicate ester (TES) does pro-
duce siliceous calculi in rats (Emerick et al., 1959). Pre-
sumably, the organic ester and the forms present in fresh
grasses are more absorbable. It seems likely that the
drying of forage reduces the soluble silicon by promoting
polymerization. This property of forage silicon, i.e., its
ability to produce uroliths, emphasizes the peculiar
nature of plant silicon as compared to inorganic sources.

Recently, Ehrhart and McCullagh (1973) have pro-
duced siliceous urinary calculi in a group of dogs fed an
atherogenic diet that contained 27 percent nonnutritive
bulk, of which 11 percent was MgSi,O,, - H,O and 44
percent was SiO, * H;O.

Relatively few cases of siliceous calculi have been
reported in the urinary tracts of human beings, probably
because they have not been searched for carefully. Their
occurrence was first described in 1960 by Herman and
Goldberg (1960). As in most of the reported cases, the
source of the silicon was attributed to the ingestion of
magnesium trisilicate as an antacid. A recent case is
described by Joekes et al. (1973). The original analysis
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did not include silicon, but showed the presence of cal-
cium, oxalate, phosphorus, and magnesium; subsequent
analysis showed the calculus to be predominantly
amorphous silica.

Factors considered to be important in formation of
siliceous calculi include the presence of mucoproteins (in
human beings, the R-1 fraction of the nondialyzable uri-
nary solids, uromucoid, is the important one) and acid
urine, both of which are contributing factors in precipitat-
ing polymerized silicic acid (Bailey, 1970). The presence
of phytoliths in the urinary tract may also be a contribut-
ing factor in urolithiasis.

Newbeme and Wilson (1970) have demonstrated a sig-
nificant renal lesion occurring in dogs (but not in rats) that
were fed relatively large doses of sodium silicate and
magnesium trisilicate over a period of 4 weeks. Major
pathologic changes were focal subcapsular hemorrhages
and hypertrophy of tubular epithelium, with or without
degenerative changes and lowgrade inflammatory cellu-
lar reaction. They concluded that “The unusual lesions in
the kidney of the dogs suggest a basic defect in the ability
of this species to metabolize or excrete these compounds,

" reinforcing the view that comparative pathologic
studies are critically important in evaluating the results of
potentially toxic substances.

Essentiality and Physiologic Role in Animals

Interest in the effects of siliceous substances on animals
(excluding silicosis) extends back over half a century,
probably beginning with the work of Gonnermann (1918,
1919). Major interest has been focused on the deleterious
aspects of silicon and its compounds, such as interference
with digestibility of forage and urolithiasis. Until quite
recently, however, there has been no proof that silicon
plays a specific beneficial role in metabolic processes of
higher animals. All animal tissues and fluids that have
been adequately examined contain at least traces of sili-
con, but the highest levels are found in the epidermis and
its appendages and in connective tissues in general. The
eggs of birds (Drea, 1935; Monier-Williams, 1949; Car-
lisle, 1972b), milk (Kirchgessner, 1957; Carlisle, 1972b),
and the fetuses of mammals (King and Belt, 1938; E. M.
Carlisle, unpublished data, 1973) have small quantities.
The blood of man and other mammals averages 5 ppm. In
cow’s milk, dietary silicon supplements have been re-
ported (Archibald and Fenner, 1957) to have little effect
on silicon concentration. However, in rat’s blood, moder-
ate increases have been obtained after feeding silicon as
sodium metasilicate, and much higher levels have been
reached after feeding organic silicates (E. M. Carlisle,
unpublished data, 1973). The blood appears capable of
maintaining a considerably higher concentration of or-
ganic than of inorganic silicate. The silicon content of
parenchymal tissues such as liver, heart and muscle, for
example, range from 2 to 10 ppm. The consistently low
concentration of silica in most organs does not appear to

vary appreciably during life except in the lungs, which
ordinarily accumulate large amounts of silicon from
long-continued inhalation of finely particulate silica.

Adequate silicon intakes for growth in chicks (2-3
weeks) and rats (3-7 weeks) are 2 mg (silicon) and 4 mg
(silicon), respectively, administered as sodium silicate.
From recent in vivo findings, Carlisle (1973, 1974, 1976)
concluded that silicon is associated with mucopolysac-
charide synthesis in the formation of cartilage matrix and
connective tissue and showed that the site of action of
silicon is in the mucopolysaccharide-protein complexes
of the ground substance. In higher animals, the
mucopolysaccharides, hyaluronic acid, chondroitin sul-
fates, and keratin sulfate are found to be linked covalently
to proteins as components of the extracellular, amorphous
ground substance that surrounds the collagen and elastic
fibers and the cells of connective tissues.

Silicon appears to be covalently bound to the polysac-
charide matrix in these mucopolysaccharides, most likely
in ester linkage: C-O-Si (Schwarz, 1973; Carlisle, 1974).
Additional evidence for the possibility of a
polysaccharide—silicon—ester linkage existing in biologic
material may be found in the literature (Carlisle, 1974).

These findings are important in terms of biological
structure and function, and human health and disease,
because the mucopolysaccharides are involved in induc-
tion of calcification in general (bone formation in particu-
lar); in the maintenance of fibrous, elastic, osseous, and
cartilaginous tissues; and in those restorative processes
that require the production of new collagen or bone, e.g.,
repair of wounds and fractures. Moreover, conditions
such as atherosclerosis, osteoarthritis, and the overall
processes of aging are associated with significant changes
in the mucopolysaccharides. Quite a different role of
mucopolysaccharides is their contribution to the control
of metabolites, ions, and water, since mucopolysac-
charides are intimately involved with bound water and its
constituents. The full extent to which silicon affects these
many processes through its influence on mucopolysac-
charides remains to be determined.

In vitro studies beginning in 1964, using electron mi-
croprobe analyses (Carlisle, 1969, 1970a), have shown the
unique localization of silicon in active calcification sites
in young bone. Furthermore, in the earliest stages of
calcification in these sites, when the calcium content of
osteoid tissue is very low, a direct relation exists between
silicon and calcium. Subsequent in vivo experiments with
weanling rats (Carlisle, 1970b) have also shown a relation
between silicon and calcium in bone formation and have
demonstrated that dietary silicon increases the rate of
mineralization; this effect was particularly apparent
under conditions of low calcium intake. A somewhat
similar mechanism of action (in bone formation) has been
demonstrated for vitamin D (Muller et al., 1966).

Skeletal changes have also been observed in silicon-
deficient weanling rats (Schwarz and Milne, 1972). Com-
pared with controls, the skulls were shorter and the bone
structure surrounding the eye appeared distorted. Pig-
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mentation of the incisors was also affected, suggesting a
disturbance of enamel development. Significant im-
provement in pigmentation could be produced by dietary
supplements of silicon (59 mg/100 g of diet), as well as by
administering tin, vanadium, or fluorine at physiologic
levels.

The importance of silicon for skeletal development has
also been demonstrated in the chick (Carlisle, 1972a,
1972b). On a silicon-deficient diet, the leg bones of the
chicks were shorter, smaller in circumference, and had
thinner cortices than those of the controls. The metatar-
sals were more flexible, and the femur and tibia fractured
more easily. Skull development was also affected, the
cranial bones being flatter than normal, giving the skull
an appearance much like that of a serpent’s head. Other
tissue changes were observed, particularly in the comb
and in the skin.

Skeletal and other abnormalities involving muco-
polysaccharide synthesis in the formation of the
cartilage matrix and connective tissue are also found to be
associated with silicon deficiency in the chick (Carlisle,
1973, 1974, 1976). The tibial-metatarsal and tibial-
femoral joints were smaller in the silicon-deficient
chicks. The ends of the bones had less articular cartilage
and were less well formed. Analyses of the bones showed
no difference in dry weight, amount of organic matter, or
the absolute amount or percentage of ash between the
groups. However the bones of the deficient group con-
tained 35 percent less water. This, in addition to the
presence of less articular cartilage, is strongly suggestive
of mucopolysaccharide involvement. Analysis revealed a
significantly decreased total amount and proportion of
mucopolysaccharides in the cartilage of the silicon-
deficient group of chicks. This relation, established be-
tween silicon and mucopolysaccaride synthesis in carti-
lage formation, was confirmed in another type of connec-
tive tissue, the cock’s comb. These findings indicate that
silicon plays an essential role in the formation of cartilage
and connective tissue.

Carlisle (1974) has established an inverse relationship
between silicon content and aging of certain tissues,
notably skin, aorta, and thymus; see also Brown (1927),
MacCardle ¢t al. (1943), and Loeper et al. (1966). This has
been found to be true of several species (rat, rabbit, pig,
and chicken). In contrast, other tissues such as heart,
kidney, muscle, and tendon showed no significant
changes in silicon content with aging. In an earlier study,
Leslie et al. (1962) reported that a 60 percent decrease of
silicon content occurs in rat skin between 5 weeks and 30
months of age. No significant change in silicon was ob-
served in muscle and tendon.

With respect to aging it is probably quite important that
the level of silicon in the arterial wall was found to
decrease with the development of atherosclerosis
(Loeper et al., 1966). It is also of interest that organo-
silicon compounds have been considered as prophylactic
and therapeutic agents for a variety of human diseases
(Garson and Kirchner, 1971).
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Food Sources of Silicon for Humans

Rich natural sources of silicon for human beings include
whole-grain cereals, particularly unpolished rice and
oats, legumes in general, sorghum, and beer (husks of
hops have a high silicon content). Animal skin and con-
nective tissues are also good sources. Much more work
needs to be done to determine the bioavailability of the
silicon contained in the various foods because there is a
wide variation in the amount absorbed.

An important medicinal source of silicon is the group of
antacids that contain magnesium trisilicate. There are
many preparations containing approximately 0.5 mg of
magnesium trisilicate per tablet or a 4-ml unit of dosage.
Excessive intake of magnesium trisilicate has led to for-
mation of siliceous calculi (see the previous section on
this topic).

Optimal intake figures are not available for human
beings. Almost certainly, however, young, rapidly grow-
ing individuals, and those involved in stress situations
(such as repair of wounds or fractures), have much higher
requirements than the normal adult. It is estimated that
man assimilates 20 to 30 mg of SiO, daily. This figure
correlates well with the report of Goldwater (1936) that
man excretes 20 mg of SiO, in the urine daily. Obviously,
much more work needs to be done in this area.

EFFECTS ON HEALTH

Silicon deficiency has not been recognized in human
beings. If it occurs, it will probably be recognized first in
conjunction with particular situations of stress, as was the
case with zinc deficiency or in rapidly growing (i.e.,
young) individuals, under conditions of low silicon in-
take. Except for siliceous calculi, no pathologic effects
from excessive dietary intake of silicon in humans have
been reported.

A number of factors could contribute to inadequate or
excessive silicon intake. As certain regions are signifi-
cantly lower or higher in available silicon than others,
geographical factors should be considered. In addition,
there is the possibility that otherwise available silicon
may be bound by certain substances or antagonized by
other elements in the diet. Obviously, genetic faults
and/or acquired metabolic defects could interfere with
silicon utilization, although no such entities have yet
been recognized.

Effects from high natural dietary intake of silicon in
grazing animals have already been described. Aside from
its influence on digestion and absorption of food, the
principal untoward effect is the occurrence of siliceous
calculi, although excessive wear of teeth can also be a
problem. Other pathologic aspects are to be considered,
however, although they are less well understood. Varying
effects on the growth of sheep have been reported as a
result of the administration of high levels of sodium
silicate (400 ppm, silicon) in drinking water. Sex-linked
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differences in effects on growth have been noted in both
lambs and rats; males show a positive growth response,
females a slight growth depression (Smith et al., 1971b;
Smith et al., 1972b). Diminished reproductive perfor-
mance of female rats has also been reported (Smith et al.,
1972a). Some of these effects may be related to the
sodium component of the sodium silicate administered.

Pneumoconioses

Most published reports on the pathologic effects of silicon
and its inorganic compounds in human beings concemn
the pneumoconioses, a group of diseases characterized by
chronic fibrous reaction in the lungs resulting from long,
heavy occupational exposure to a variety of dusts. Inhala-
tion of finely particulate silica (especially in the range of
0.3-3 p) and the group of fibrous silicates collectively
termed asbestos causes the most marked reactions. Asbes-
tos comprises fibrous forms of five amphiboles—amosite,
(Mg,Fe);Sig04(OH),; crocidolite, Na,Fe;Fe;SigOz(OH),;
tremolite, Ca,Mg,SigOx(OH),; anthophyllite, (Mg,Fe),Sis
0,,(OH,F),; and actinolite, Ca,(Mg,Fe)s(SigO4s)(OH,F)—
and one serpentine—chrysotile, Mg;(Si;O;)(OH),
(National Institute of Occupational Safety and Health,
1972; Goodwin, 1974). Over the years, such reactions
result in development and progressive expansion of fib-
rous pulmonary nodules and linear deposits to the point
that many of them coalesce; in the course of this process,
numerous lymph and blood vessels, as well as small air
passages, become obstructed. Ultimately, much of the
lung may be converted to dense fibrous tissue, associated
with emphysema, congestion, and pulmonary hyperten-
sion, which, in turn, cause profound systemic effects.
Silicosis, in particular, increases susceptibility to various
respiratory infections, notably tuberculosis, and it is often
difficult to separate the effects of silica from those of
associated infectious organisms.

Slight to moderate pulmonary fibrosis results from in-
halation of most silicates, such as kaolin, fire clay,
feldspar, olivine, sericite, and mica (Bryson and Bischoff,
1967). This group represents the so-called benign
pneumoconioses, because functional effects are usually
minimal. Processed diatomaceous earth and bentonite (a
quasigeneric term applied to a group of clays) are also
said to be capable of producing silicosis (Bryson and
Bischoff, 1967; Phibbs et al., 1971).

Coal miners’ pneumoconiosis, which differs greatly
depending on where it occurs, dramatically illustrates
that the geochemical environment may be the primary
factor in determining the character of a given disease. As
Harington (1972) remarked in speaking of reactions to
coal dust, “Geology is the basis of the real differences that
are known to exist....”

Although silicosis is closely tied to occupation, it is
difficult to assess the degree of risk of silicosis in particu-
lar occupations unless one knows the natural products
involved, the details of the processing, and the individu-
al’s specific work. In a brickyard, for example, the most
common clay mineral used in making refractory bricks is

kaolinite (H,Al;Si;0,), which contains varying quantities
of fine-grained quartz, along with minute quantities of a
number of other materials. When this material is fired,
mullite (AlgSi;O,3) is produced. At high temperatures, the
$i0, reacts with various cations, e.g., sodium, calcium,
potassium, or iron, to form a siliceous glass. Thus, de-
pending on the natural mineral present, more or less
fine-grained quartz may be present; moreover, depending
on the firing temperature and, to some extent, the kind
and availability of cations present, silica is released in
varying proportions that react to form a siliceous glass. In
some operations, a special-purpose silica brick is made,
which provides a much more hazardous environment.
With this basic source of contamination, various workers
are exposed to varying degrees of contamination, influ-
enced a great deal by the protective devices that are in
operation. The individuals at greatest risk are those who
work in the grinding shed where bricks are ground to
meet very close tolerances. Lesser danger exists for those
who work in the holding bins, and there is practically no
danger to those who work in the firing kiln or with the wet
clay. It is, therefore, inappropriate to make a general
statement conceming the risk of pneumoconiosis faced by
brickworkers (Walter D. Keller, personal communication,
1975).

Environmental Factors in Respiratory Disease, edited
by Douglas H. K. Lee (1972), gives an excellent up-to-
date review of the pneumoconioses, as does Occupa-
tional Lung Disorders, especially chapters 7 and 9, by
W. R. Parkes (1974).

Silicosis

Many hypotheses have been advanced to explain the
fibrogenic properties of silica (see historical review by
Zaidi, 1969), among which the solubility theory was most
widely accepted until the past several years. According to
this theory, silicic acid exerted its effects directly and
depended on both the concentration and form of silicic
acid. Although there is no direct correlation between
solubility and fibrogenic effect, this concept was sup-
ported by observations that, in general, more highly solu-
ble silica compounds have a predominantly necrotizing
effect, whereas less soluble silica (quartz) is primarily
fibrogenic. The lack of direct correlation was explained
(in part) by Engelbrecht and Burger (1961), who found
that . . . monosilicic acid is more toxic than either colloi-
dal silicic acid or partially polymerized silicic acid when
allowed to polymerize in contact with tissue fractions.”
More recently, Allison et al. (1966) have proposed that
once silica of proper particle size becomes arrested in the
lungs and “available” for phagocytosis, it is phagocytosed
just as any other electronegative particle. The particles do
not lie free in the cytoplasm of the phagocyte, however.
They are encapsulated within the cell in a phagosome
that soon becomes converted into a lysosome (digestion
vacuole) through acquisition of a variety of potent en-
zymes. (A detailed discussion appears in Lysosomes,
edited by ]. T. Dingle, 1972.) Protective substances ad-
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sorbed onto the silica particles (e.g., plasma proteins) are
stripped off by these enzymes, exposing ‘“naked”
polymeric silicic acid. This material, now in a highly
reactive state, acts as a hydrogen donor to form
hydrogen-bonded complexes with active groups of the
lipid membrane, such as quatemary and phosphate ester
groups, and with secondary amide (peptide) groups of
proteins. This reaction causes the lysosomal membrane to
become permeable, allowing its enzymes to leak into the
cytoplasm and destroy the cell (Nash et al., 1966). With
cellular dissolution, the cell contents, including active
lysosomal enzymes, along with the ingested silica, are
released into the tissue interstices (Figure 7). Thus it is
hypothesized that intracellular reaction to silicic acid is
the first of a two-stage process in which the major fib-
rogenic stimulus comes from action of cellular enzymes
rather than directly from silicic acid per se. Moreover, the
freed particles of silica are again phagocytosed by other
macrophages, and the chain of events starts all over again.

Asbestosis

Not nearly so much information is available on asbestosis
as on silicosis, principally because asbestosis has been
recognized relatively recently. The first detailed descrip-
tion of asbestosis was published by Cooke in 1927, at
which time the term asbestosis was introduced.
Moreover, asbestosis affects many fewer persons than
does silicosis, and the causative agent is much more
complex than silica. Although there are many points of
similarity between the pneumoconiosis caused by silica
and that caused by asbestos fibers, there are also impor-
tant differences: (a) much larger particles are involved in
asbestosis, (b) the fibrosis develops more rapidly (with
heavy exposure) and produces greater pulmonary disabil-
ity, (c) there is not the marked predisposition to tuber-
culosis that occurs with silicosis, and (d) there is a clearly
discernible causal relationship between asbestosis and
cancer. Excellent references on the pathology of silicosis
and asbestosis include Medicine in the Mining Industries
(Rogan, 1972) and The Biological Effects of Asbestos
(Bogovski et al., 1973).

Within the past few years, great concem has developed
over nonoccupational exposure to minute submicroscopic
airborne or waterborne fibers of asbestos that may be
inhaled or ingested. This concern has arisen because of
the evidence that asbestos is carcinogenic and the fear
that exposure to amounts far less than those required to
produce asbestosis may significantly increase the risk of
developing cancer. Asbestos is, indeed, commonly con-
tained in the lungs of urban dwellers having no known
occupational exposure to asbestos. Selikoff et al. (1972)
found asbestos bodies present in lungs in 48.3 percent of
3,000 consecutive autopsied individuals in New York.
Electron microscopic studies of a sample group of these
positive cases showed the presence of chrysotile fibers or
fibrils in every instance. Pooley et al. (1970) found that
the lungs of almost 80 percent of the individuals they
studied in London contained chrysotile asbestos.
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FIGURE 7 Suggested mechanism of silicosis.
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Recently, asbestos has become generally recognized as
a common and widespread contaminant of food, bever-
ages, drinking water (Cunningham and Pontefract, 1971)
and medicinals—even parenteral solutions (Nicholson et
al., 1972). This realization, coupled with the relatively
high incidence of gastrointestinal cancers among asbestos
workers, in addition to lung cancer and mesothelioma,
has heightened concem that asbestos is an important
carcinogen that affects a very large segment of the popula-
tion. This general subject has been extensively reviewed
(Committee on Biologic Effects of Atmospheric Pollu-
tants, 1971; Cralley, 1972; National Institute for Occupa-
tional Safety and Health, 1972).

In an extensive five-part article that appeared in The
New Yorker, Brodeur (1973) gives a dramatic account of
some of the politicoeconomic factors involved in expo-
sure of human beings to asbestos. This important aspect is
also discussed by Wagner (1974).

Asbestos fibers are common in lymph nodes draining
the intestinal tract, and there is little question but that
ingested asbestos can penetrate the intestinal wall and
gain access to the circulatory system. Recently, Cunning-
ham and Pontefract (1973) have shown that transintesti-
nal passage in rats can involve fibers as large as 23 x 1/2 p
and that ingested asbestos reaches a variety of internal
organs and tissues in addition to lymph nodes.

Asbestos bodies are readily seen in tissue sections as
refractile bodies, ordinarily 10-25 u in length, their walls
containing much iron. Suzuki and Churg (1969) have
demonstrated that these structures represent a cellular
(macrophagic) reaction in which the phagocytosed asbes-
tos fiber becomes primarily coated with hemosiderin, and
that, in addition to these asbestos bodies, great numbers
of sub-light-microscopic fibers (very thin and less than
1 p in length) are invariably present. Suzuki and Churg
support the view that it is the submicroscopic fibers that
are responsible for the major serious effects of asbestos.
One could speculate that the fibers of the asbestos bodies
have been effectively encapsulated as a defensive mea-
sure and, for all practical purposes, are no longer in
contact with body tissues or fluids.

Studies to determine precisely the behavior of asbestos
in terms of carcinogenicity are complicated because as-
bestos comprises a group of chemical compounds and
because the fibers contain varying amounts of iron,
nickel, chromium, cobalt, and scandium (Holmes et al.,
1971). Recently, P. Gross (personal communication, 1975)
established that most of these metals come from milling
balls and are not inherent in the asbestos fibers. Car-
cinogenicity of asbestos containing these metals and as-
bestos free of these metals is approximately equal.
Further confusion arises because asbestos fibers may
contain a variety of polycyclic hydrocarbons (Hilborn et
al., 1974). It appears that carcinogenicity is associated
with a fibrous shape. Fibrous asbestos that is definitely
carcinogenic can be rendered quite innocuous by grind-
ing it into roughly spherical particles. Mesothelioma can-
not be produced by injecting fibrils less than 1/2 u long
into the pleural space, whereas longer fibers will produce

mesothelioma in a high percentage of animals (J. Churg,
personal communication, 1975). The physical state of
asbestos seems to be important in carcinogenesis, al-
though it is not known why and how.

Many of the cancers associated with asbestos in human
beings have been related to chrysotile, but this may
simply reflect a greater exposure because approximately
95 percent of the asbestos in general use in the United
States is chrysotile. Recently it has been shown that
amosite also is carcinogenic (Selikoff et al., 1972).

The role of asbestos in causing cancer is very complex.
In some instances, at least, it appears to act as a cocar-
cinogen. Selikoff et al. (1968), in a study of 370 asbestos
insulation workers, found no special predisposition to
carcinoma of the lung among the 87 members of the group
who were not cigarette smokers, but the other 283 had
“...about 92 times the risk of dying of bronchogenic
carcinoma as men who neither work with asbestos nor
smoke cigarettes” (see also the report by Berry et al.,
1972).

Much additional work is required to clarify the nature
of the carcinogenic actions of asbestos, as well as to
evaluate the extent of risk with respect to the amount and
kind of exposure. Some of the problems involved in such
studies are considered in a recent paper by Enterline et
al. (1972). An excellent, though somewhat out-of-date,
consideration of silicate-induced neoplasms is that of
Bryson and Bischoff (1967).

RECOMMENDATIONS FOR RESEARCH

To develop an adequate understanding of the importance
as well as the dangers of silicon compounds, studies are
needed to accomplish the following:

1. Provide further information on the silicon content of
rocks, waters, soils, and air, with special concem for its
availability to plants and animals, particularly those used
as food.

2. Clarify our understanding of the physiologic mecha-
nisms of uptake and transport of silicon in plants and
animals, including man.

3. Determine the precise chemical structure of silicon
compounds and/or complexes in plants, the ways in
which these interrelate with other ions, and the effects
that the silicon compounds and complexes have on the
digestibility of forage plants.

4. Establish whether silicon is essential for higher
plants and, if so, for which species.

5. Provide further information on silicon content, in-
cluding its form and availability, in foods consumed by
animals, including humans.

6. Provide more information on the physiologic mech-
anisms of transport of silicon in animals, its chemical
forms in various tissues, and its precise location in the
tissues.

7. Determine the precise chemical structure of the
silicon compounds or complexes found in animals and the
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ways in which these interrelate with other ions (e.g.,
fluorine, calcium, phosphorus, manganese, and mag-
nesium) affecting their absorption and utilization.

8. Establish silicon requirements for humans at differ-
ent ages under both normal conditions and states of stress.

9. Develop better analytical methods for silicon, par-
ticularly as it occurs in low concentrations in complex
biological materials such as bone.

10. Determine the influence of geographic factors on
silicon uptake and absorption in man and other animals.

11. Clarify the role of (inorganic) silicates as carcino-
gens and further elaborate the pathogenesis of silicosis
and asbestosis.

12. Characterize the nature of opaline phytoliths dis-
tribution within various tissues of animals and their ex-
tent, with special concern for their possible carcinogenic-
ity.

13. Determine the incidence of siliceous urolithiasis in
various animals, including man, and its etiology and
pathogenesis.

14. Determine what diseases or adverse conditions
(e.g., the Balkan nephropathy, atherosclerosis, dental
caries, etc.) may be caused by excesses, deficiencies, or
imbalances of silicon.
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VII

Strontium

ROBERT H. WASSERMAN, Chairman

Evan M. Romney, Marvin W. Skougstad, Raymond Siever

Strontium is not an essential element for growth and
development of either plants or animals, including man,
even though it is an almost universal component of soil,
water, and plant life.

The great similarity in the chemical properties of cal-
cium and strontium made the separation and identifica-
tion of the small amounts of strontium usually present in
soil, water, and biological materials a difficult task for
early investigators (Robinson et al., 1917; Noll, 1931).
This analytical problem was solved by the development
of sensitive and specific methods of emission spectros-
copy (Mitchell, 1948), neutron activation (Bowen and
Dymond, 1955), and X-ray fluorescence (Vose and
Koontz, 1959). Applications of these methods have in-
creased our understanding of the sources and amounts of
stable strontium in soil, water, and biological materials.
Intensive work on radioactive strontium during the past
two decades has increased understanding of the behavior
and movement of strontium in the biosphere.

Although this chapter is concerned primarily with sta-
ble strontium, we cannot minimize the environmental
impact of radioactive strontium. There is no doubt about
the potential health hazards that could result from indis-
criminate dissemination of the long-lived strontium-80
fission product into the natural environment. No such
threat is apparent from stable strontium because of its low
toxicity to plant and animal life.

Much of the work pertaining to the strontium-90 fallout
problem has been documented in reviews, symposia pro-
ceedings, and government hearings, of which the follow-
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ing are examples: Joint Committee on Atomic Energy
Hearings (1957, 1959a, 1959b), Caldecott and Snyder
(1960), U.N. Scientific Committee on Effects of Atomic
Radiation (1962, 1964), Food and Agriculture Organiza-
tion (1960, 1964), Frere et al. (1963), Schultz and Klement
(1963), Aleksakhin (1963), Hungate (1965), Fowler (1965),
Russell (1966), Aberg and Hungate (1967), Benson and
Sparrow (1971).

GEOCHEMISTRY AND OCCURRENCE

Geochemical Cycle

Figure 8 shows the general outline of the routes traveled
by strontium as it is weathered from rock terrains and
dissolved in natural waters, ultimately to be transported
to the oceans, from which it is precipitated in sediments.
Strontium is strongly coupled to calcium in primary
source rocks and is most abundant in calcium-rich rocks
like basalt and limestones. Strontium occurs primarily in
plagioclase feldspars in igneous and metamorphic rocks,
and in calcite or dolomite in limestones.

Weathering of limestone supplies the bulk of the stron-
tium that appears in both groundwaters and surface wat-
ers and thus the major part of the flux to the oceans. The
content of strontium in groundwaters is highly variable
because of its dependence on the type of rock through
which the infiltrating water passes. Thus, in limestone
terrains the strontium content in groundwater may climb
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FIGURE 8 The geochemical cycle of strontium in rocks and
waters at the surface of the earth. All figures are averages or
composites in parts per million, with the exception of the as-
terisked values, which are specific samples. These data were
taken from various sources including Turekian (1964), Dasch
(1969), Livingstone (1963), White et al. (1963), and Turekian and
Schutz (1965).

to 20 ppm or more, whereas in calcium-poor rocks the
groundwater strontium levels may be in the parts-per-
billion range. The average strontium content for near-
surface groundwaters low in dissolved solids is probably
of the same order of magnitude as the average for major
North American rivers—0.9 ppm (Livingstone, 1963).

The strontium dissolved from continental terrains en-
ters the oceans, where it participates in the general
steady-state (or homeostatic) reservoir. The entering flux
from all rivers is estimated at 2.7 x 10" g/yr (Turekian and
Schutz, 1965), which is assumed to be equal to the rate at
which strontium is deposited by sedimentation at the
bottom of the oceans. The residence time in the ocean is
about 4.1 x 10° yrs, which is one of the shorter residence
times and somewhat comparable to that of calcium, with
which it coprecipitates as carbonate. Most strontium is
precipitated as biogenic carbonate, largely in the form of
the shells of pelagic foraminifera.

The strontium content of invertebrate shell material is a
function of mineralogy, temperature, and species (Low-
enstam, 1964). Strontium is accommodated in solid solu-
tion in the aragonite (orthorhombic) crystal structure in
much greater abundance than in the calcite (rhombohed-
ral) structure; thus, aragonite shells will have a higher
strontium content than those primarily formed of calcite.
One species, Mytilus edulis (the common mussel, a
bivalve mollusk or pelecypod), secretes aragonite con-
taining moderate amounts of strontium along the inner
part of its shell and calcite containing very low amounts of
strontium on the outer shell surface. The amount of stron-
tium incorporated into either aragonite or calcite is also a
function of temperature, both in pure laboratory systems
and apparently in some animal and plant species, though
recent work has established independence of tempera-

ture in corals (Thompson and Livingston, 1970). Sr:Ca
ratios of organisms in waters of constant temperature at
Palau tend to be close to those of seawater (about 0.018 on
appm basis, or 8.5 X 1072 on an atomic basis) except for the
higher mollusca, which show lower Sr:Ca ratios. In com-
parison to the relatively abundant information on compo-
sition of shell materials, little is known about strontium in
the soft tissue of marine plants or animals.

Because most of the carbonate sediment in the ocean is
deposited in the deep sea as the shells of pelagic
foraminifera, coccoliths, and other organisms, and be-
cause strontium is so strongly localized in carbonate, most
of the strontium dropped out of the ocean by sedimenta-
tion is in deep-sea sediments, relatively isolated from
rapid mixing with surface environments. This is the sink
for strontium in the surface geochemical cycle. Ult-
mately, the strontium in sediments is reintroduced at the
surface of the continents by the geological cycle of burial
and mountain building and uplift, normally accompanied
by some degree of metamorphism.

Soils

Figure 9 shows the nature of the cyclical system of ion
and water transfer in the complex soil system. The pri-
mary agent of chemical attack on soil is rainwater infiltrat-
ing into the top of the soil and carrying with it dissolved
carbon dioxide (CO;) and other atmospheric gases, after
depositing a thin layer of aerosol and particulate material
at the surface. The mineral decomposition in a stratified
soil is made up of three indistinctly separated processes.
At the bottom of the C-horizon, fresh rock is dissolved and
strontium may be leached from its primary host rock,
ultimately leaving behind an altered product, generally

AEROSOLS
% | et jo— MmmCa Ares
@ GASES

RAIN

WATER

INF LUENT

PLANT
AOOTS

SO &

DISSOLUTION

MINERAL
ALTERATION
SURFACE

1SSOLUTION

®,
BV

el PRIMARY MINERAL
SURFACE

C-HORIZON

G
an?

YA~
e

L

FIGURE 9 Cyclical movement of strontium solutions through
soil-plant-water systems.


http://www.nap.edu/catalog.php?record_id=19929

clay. The soil solution at this point is enriched in stron-
tium. In the overlying B-horizon, soil waters may partici-
pate in a back reaction with the altered minerals pro-
duced in the C-horizon, thus modifying the soil solution.
The most altered or leached soil is in the A-horizon. The
soil profile advances downward with time as solutions
continue to move downward. Depending on the parent
rock materials, the rate of water flow through the soil, and
the type of vegetation, the amounts of strontium available
to plant roots may vary widely. A precise knowledge of
these amounts in natural soil systems is needed to under-
stand more completely the availability of strontium to
plants. Future sampling and analysis should concentrate
on the amounts of strontium, on the Sr:Ca ratios in the
various solids and solutions in the soil profile in relation
to their position, and on the penetration of the roots of
various types of plants.

Total Strontium

Although early workers encountered difficulties in chem-
ically determining the small amounts of strontium as-
sociated with the relatively large amounts of calcium in
soils, some of the data reported fall in line with results
from recently developed analytical methods. For exam-
ple, Robinson (1914) found from 80 to 900 ppm strontium
in surface and subsurface samples of 13 soils. Thomas
(1923) found the strontium content of surface and subsur-
face soils to be 110 ppm and 260 ppm, respectively.

Using the sensitive and specific methods of emission
spectroscopy, Mitchell (1944, 1948) found from 50 to
5,000 ppm of total strontium in the soils of Scotland. Later
work on Scottish soils reported by Swaine (1955) showed
total strontium contents ranging from 50 to 1,000 ppm in
43 surface soils and 118 subsoils; the average total stron-
tium content was 400 ppm. Results reported on Russian
soils by Vinogradov (1945) indicated total strontium con-
tents within the same range as Scottish soils. Samples
taken along the fortieth meridian contained from 130 to
2,600 ppm total strontium. Later, Vinogradov (1954) re-
ported additional results of 10 to 2,000 ppm in 14 surface
soils and from 30 to 2,800 ppm in 28 subsoils.

Total stable strontium contents of soils in Florida have
been reported to range from less than 10 to more than
1,000 ppm. This range represents work reported by Rog-
ers et al. (1939), Allison and Gaddum (1940), and Carri-
gan and Rogers (1940) for 88 surface soils and 71 subsoils.
For 10 New Jersey surface soils, Prince (1957) reported
the strontium content to vary from 36 to 142 ppm. Van-
selow (1966) found strontium contents ranging from 100
to 1,000 ppm in 12 surface soils and subsoils from Califor-
nia. Preliminary results from a geochemical survey of
Missouri indicate a range of strontium contents from 25 to
360 ppm in 1,140 samples of agricultural soils, with a
mean concentration of 110 ppm (U.S. Geological Survey,
1972).

Shacklette et al. (1971) reported data on the elemental
composition of surficial materials from 862 sites in the
conterminous United States. Results showed that the sur-
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ficial materials of the western half of the United States
generally contain more strontium than do those of the
eastern half (Figure 10).

Available Strontium

Plant uptake of strontium is determined primarily by the
amount of available soil strontium, but chemical extrac-
tion methods to estimate availability are not completely
satisfactory for all conditions encountered. An extracting
solution of neutral 1 N ammonium acetate appears to have
the widest application. Using this procedure, Mitchell
(1937) reported exchangeable strontium levels of 3.5-17.5
ppm in seven surface soils from Scotland and 0.2-19.7
ppm at two depths in their subsoils. In four other soils of
Scotland, Glentworth (1944) reported 4.4-8.8 ppm in sur-
face samples and 3.7-17.5 ppm in subsoil samples. Viro
(1951) reported 0.1-7.7 ppm exchangeable strontium in
the surface of 47 Finnish soils. Bowen and Dymond
(1955) reported levels of exchangeable strontium in seven
soils of England ranging from 0.5 to 10 ppm; two
strontium-rich soils near celestite mines have exchange-
able levels as high as 1,500 ppm. The vegetation growing
on these two soils contained exceptionally large quan-
tities of strontium, but neither the plants nor the animals
feeding upon them appeared to be affected. For 93 soils
from 11 states in the United States, Menzel and Heald
(1959) found from 0.5 to 32 ppm of exchangeable stron-
tium by the ammonium acetate extraction method.

Water

Alexander et al. (1954) determined by emission spectrog-
raphy the concentrations of stable strontium in waters
provided for human consumption in 50 United States
cities. The range of dissolved strontium concentrations in
raw waters was from 5.8 to 1,900 ppb, with a mean of 280
ppb. Tap-water concentrations ranged from 9.4 to 680
ppb, with a mean of 160 ppb. In several cities, as much as
75 percent of the strontium was removed by routine
water-softening procedures. The strontium concentra-
tions of raw surface waters were related to the predomi-
nant soil types in their drainage basins. The lowest values
observed were for waters from noncalcareous soils; the
highest values were associated with waters from regions
in which the soils contain a large proportion of easily
leached, soft limestone. Nichols and McNall (1957) found
one groundwater source in eastern Wisconsin with an
unusually high content of 39,000 ppb, reflecting the high
mineral content of the aquifer.

Skougstad and Horr (1963) analyzed samples from 75
major rivers of the conterminous United States and found
concentrations of strontium that ranged from 0.007 to 13.7
ppm; average concentrations (in ppm) are shown in Figure
11. The proportion of strontium in the dissolved solids
carried by these rivers ranged from a few hundred to
3,700 ppm. The greatest strontium concentration, both in
the water and in the dissolved material, was found to
occur in the saline streams of the Southwest. In this area,
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FIGURE 11 Average strontium concentration in surface waters. Values are in parts per million (Skougstad and Horr, 1963).

characterized by relatively low annual mainfall, high
evaporation rate, and low physical relief, the concentra-
tion of strontium is generally two to three times as great as
in most other streams in the nation. The report of this
study also includes analyses of more than 175 groundwa-
ter samples, 60 percent of which contained less than 200
ppb of strontium, although 50,000 ppb was found in one
sample of potable groundwater.

Vanselow (1966) found strontium in water ranging in
concentration from less than 100 ppb to more than 1,000
ppb. More recently, Skougstad (personal communication,
1973) compiled data obtained from the analysis of more
than 600 samples of municipal water supplies, including
both treated water collected at the treatment plant and
water from the distribution system. Fifty-eight percent of
the samples contained between 46 and 220 ppb of stron-
tium. Only 1 percent of the samples contained more than
2,200 ppb and only 1 percent less than 10 ppb strontium.

ANALYTICAL METHODS

Some earlier data on the concentrations of strontium in
natural inaterials may not be completely reliable because
of the difficulties inherent in the separation of traces of
strontium from calcium, which is much more abundant

and chemically similar. Present instrumental methods not
only provide satisfactory data but also are sufficiently
sensitive to detect and measure strontium at the concen-
tration levels at which the element commonly occurs in
most natural substances. Flame photometry, atomic-
absorption spectrophotometry, emission spectrometry,
and X-ray-fluorescence spectrometry have been used
with considerable success in a wide variety of materials.
These techniques seem adequate for present needs.

PLANTS

The higher plants are unable to discriminate strontium
(nonessential) from calcium (essential) because of the
great similarity in the chemical properties of the two
elements. In fact, the ratio of strontium to calcium in
plants is essentially equal to the ratio of their concentra-
tions in the culture media or to the ratio of their available
amounts in the soil (Collander, 1941; Schroeder, 1941;
Rediske and Selders, 1953; Knauss and Porter, 1954;
Menzel, 1954; Menzel and Heald, 1955; Bowen and
Dymond, 1955). Strontium can replace calcium, but not
completely, in higher plants (Hasselhoff, 1893, 1898;
Molisch, 1896; Loew, 1903, 1911). Plants vary in their
tolerance for strontium. Scharrer and Schropp (1937) re-
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ported that cereals are more tolerant of high concentra-
tions of strontium than legumes. Cotton is less tolerant of
strontium than is Swiss chard. Hurd-Karrer (1937, 1939)
demonstrated a low toxicity of strontium to higher plants
when the calcium concentration is sufficiently high
(Sr:Ca ratio < 1) to suppress the toxic action of strontium
salts.

The low toxicity of strontium to higher plants and its
partial replacement of calcium when the plants are grown
on soil was demonstrated by Baird and Mehlich (1950).
Swiss chard grown on soil containing 90 percent ex-
changeable strontium and 10 percent exchangeable cal-
cium gave almost as high a yield as when the soil con-
tained 80 percent exchangeable calcium and 20 percent
exchangeable strontium. The strontium content of the
crop grown on high-strontium soil was more than twice
the calcium content, whereas the sum of the calcium and
strontium contents was practically independent of the
cations. In this instance, strontium appeared, at least in
part, to replace calcium.

The replacement of calcium by strontium seems to be
more apparent in aquatic plants for which calcium is a
micronutrient. Walker (1953) reported that the calcium
requirement of Chlorella pyrenoidosa can be satisfied on

essentially an equimolar basis by strontium. In a sub-
sequent report, Walker (1956) indicated that the green
algae constitute three groups: One group cannot tolerate
excess strontium, another has a low sensitivity to stron-
tium but cannot accept it as a replacement for calcium,
and the third can accept strontium as a replacement for
calcium.

Table 13 summarizes some representative tissue-
analysis values reported in the literature indicating the
status of strontium in vegetation of concern to grazing
animals and man. Because strontium is not an essential
nutrient, and no natural occurrence of strontium toxicity
has been reported, one would not expect to find strontium
indicator plants. A few species, such as Arabis stricta and
Carex humilis, apparently can accumulate strontium in
greater amounts in relation to calcium uptake (Bowen and
Dymond, 1955).

Robinson et al. (1917) reported strontium contents
ranging from 8 to 210 ppm for 38 plants, with a mean of 70
ppm. Mitchell (1948) reported strontium levels in pasture
plants ranging from 11 to 137 ppm. Bowen and Dymond
(1955) reported that the strontium content of plants grown
on normal soils varied between 1 and 169 ppm, with a
mean value of 36 ppm for some 40 different species of

TABLE 13 Strontium Concentrations in Vegetation of Concern to Grazing Animals and Man

Plants Strontium, ppm (dry wt) Source
Legumes and grasses
Alfalfa 50-1,500 Vanselow (1966)
Clover 180-850 Vanselow (1966)
Meadow fescue 2540 Vanselow (1966)
Orchard grass 20-25 Vanselow (1966)
Rye grass 18-23 Vanselow (1966)
Grain plants
Barley grain 3° Bowen and Dymond (1955)
Com leaf 9-26 Prince (1957)
Com leaf 15 Shimp et al. (1957)
Wheat straw 36.2 Champion et al. (1966)
Oat straw 13.1 Champion et al. (1966)
Oat grain 32 Champion et al. (1966)
Rye grass 13.3 Champion et al. (1966)
Vegetables, edible parts
Beets 107 Bowen and Dymond (1955)
Broad beans 116 Bowen and Dymond (1955)
Cabbage 41 G. V. Alexander, personal communication (1959)
Carrots 34-131 G. V. Alexander, personal communication (1959)
Green beans 142 Bowen and Dymond (1955)
Lettuce 48 G. V. Alexander, personal communication (1959)
Mustard greens 138 G. V. Alexander, personal communication (1959)
Onions 2097 Bowen and Dymond (1955)
Peas 7 G. V. Alexander, personal communication (1959)
Parsnips 23 Bowen and Dymond (1955)
Snap beans 6-67 G. V. Alexander, personal communication (1959)
Spinach 45-70 Albrecht and Schroeder (1942)
Tomatoes 7-91 G. V. Alexander, personal communication (1959)

*Bowen and Dymond (1955) show these values in their Table, even though their text gives a range of 1-188 ppm for plants grown on normal soils.
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native and pasture plants. On strontium-rich soils near
celestite mines, the natural vegetation contained stron-
tium in amounts up to at least 26,000 ppm dry weight.
Even at these high concentrations, there appeared to be
no adverse effect on the plants or on the animals feeding
on them. Gerloff et al. (1964) reported the results of an
extensive survey of the mineral content of native plants of
Wisconsin in which the strontium concentrations were
found to range from 1 to 115 ppm. In pasture plants of
California, Vanselow (1966) found strontium levels rang-
ing from 18 to 850 ppm, with occasionally higher values of
up to 1,500 ppm in alfalfa. Vose and Koontz (1959) found
strontium levels in grasses ranging from 75 to 160 ppm. In
an extensive survey of perennial vegetation of the north-
em Mojave Desert, in southern Nevada, Wallace and
Romney (1971, 1972) found strontium levels ranging from
10 to 800 ppm, with most species normally containing
from 50 to 200 ppm.

Some information on the strontium content of vegeta-
bles and grains common to the human diet has been
reported (Table 13). Numerous reports in the literature
(Albrecht and Schroeder, 1942; Prince, 1957; Shimp et
al., 1957; G. V. Alexander, personal communication,
1959; Champion et al., 1966) indicate that strontium does
not concentrate in the edible grain and tubers of food crop
plants. Champion et al. (1966) reported strontium concen-
trations of 9.3 ppm in milk powder.

ANIMALS AND HUMANS

In general, the metabolism and distribution of strontium
mimics that of calcium. The major site of retention of both
elements is the skeleton and teeth, in which more than 95
percent of body calcium and strontium is found (with the
next greatest concentration occurring in the aorta, and
lesser amounts in other soft tissues and body fluids). As
with calcium, ingested strontium is absorbed in moderate
amounts (5-25 percent in various species) and enters the
exchangeable pool, from which it is incorporated into the
mineral phase of bones and teeth (Vaughan, 1970), is
transferred into intracellular compartments, traverses the
placenta and mammary gland, and is handled like calcium
by the kidney (Comar and Wasserman, 1964). Some stron-
tium is excreted in sweat.

Strontium—Calcium Discrimination at the Physiological
Level

During the transfer of strontium and calcium from one
compartment to another, a preferential movement of cal-
cium produces a decrease in the ratio of strontium to
calcium. Prominent sites of strontium—calcium discrimi-
nation are the intestine, kidney, placenta, and mammary
gland. If the strontium to calcium ratio in the diet is
normalized to unity, the typical strontium:calcium ratio of
the absorbed minerals is, in the adult human, 0.4. The
ratio in bone is about 0.25; in milk, 0.1; in the fetus, 0.16;
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and in urine, 0.87 (Figure 12; Comar and Wasserman,
1964).

In the kidney, discrimination occurs during the reab-
sorption step, leading to an increase in the Sr:Ca ratio of
urine as compared to the ratio in the glomerular filtrate.
Walser and Robinson (1963) indicated that the following
exponential relationship existed between strontium and
calcium in the filtrate and the urine:

() - (&)

where:

Sr, = strontium excreted in urine
Ca, = calcium excreted in urine
Sr; = strontium filtered

Ca; = calcium filtered

This equation assumes that reabsorption follows first-
order kinetics and indicates that the strontium rate con-
stant is 0.7 that for calcium (cf. Walser and Robinson,
1963, for theoretical development).

When the gastrointestinal absorptive process was con-
sidered in the same way, the relation was found to be:

(3) - (&)"

where:

Sriand Ca, = strontium and calcium in the lumen at
time t

Sryand Ca, = strontium and calcium in the lumen at

time zero (i.e., before absorption pro-

ceeded)

The rate constant for strontium absorption is, therefore,

Dairy Plant Other ; e
0.22 22 18 Sr:Ca of Diet =1
| Total Diet 1.0 |
Bone Soft Tissue Fetus
0.25 0.25 0.16
1 1 —]‘
Circulating Fluids
Feces = Milk
14 Kidnays 0.1
Urine
0.87

FIGURE 12 Typical strontium:calcium ratios in diet, tissues,
and excretions of adult humans. Values are normalized to a
strontium:calcium ratio of 1 in the total diet (Comar and Was-
serman, 1964).
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0.72 that for calcium absorption (Marcus and Wasserman,
1965). In addition, the rate constant of entry of strontium
into mitochondria was found to be 0.63 that for calcium
(Mraz, 1962; and Marcus and Wasserman, 1965).

Strontium-Calcium Discrimination at the Molecular
Level

Diamond and Wright (1969) reviewed and extended the
theory of ion selectivity based on the relative energy
(enthalpy) of hydration of various cations as compared to
the energy of interaction between these various cations
and the binding site. This theory, largely after Eisenmann
(1961), has a high degree of predictability with regard to
discerning the expected selectivity sequence of ions in a
given series. Some of the relative interactions or effects of
the alkaline-earth series on various biological systems are
given below; calcium is taken as unity (Diamond and
Wright, 1969):

® Blocking negative (anionic) charges on the gall blad-
der: Ca(1.00) Sr{0.61)
® Ability to restore intestinal permeability after EDTA
treatment: Ca(1.00) Sr(0.50)
e Effect on rise of spike of barnacle muscle: Ca > Sr
® Peak transient membrane currents in the alga, Chara
australis: Ca(1.00) Sr(0.8)
® Ability to reactivate Taka-amylase-A: Sr(1.04)
Ca(1.00)
® Apparent binding constant to G-actin: Ca(1.00)
$r(0.03)
® Amount of cation bound to reconstituted collagen:
Ca(1.00) Sr(0.79).

The relative binding affinity of calcium and strontium to
the vitamin-D-dependent calcium-binding protein is

about 10:1 (calcium to strontium) (Wasserman and Taylor,
1972). These findings illustrate that, in most systems,
calcium is bound preferentially over strontium. In con-
trast, however, the binding affinity of strontium to algi-
nates exceeds that of calcium by factors of 1.5 to 4.3,
depending on the guluronic acid (the uronic acid derived
from L-gulose) content of the alginate (Triffitt, 1968).

Metabolism

Physiological and nutritional variables that affect stron-
tium metabolism are similar to those that affect calcium
metabolism and usually operate in the same direction
(Comar and Wasserman, 1964; Wiseman, 1964). Younger
people absorb both calcium and strontium to a greater
extent than older people, and the stresses of pregnancy
and lactation are associated with a greater efficiency of
absorption of both elements. The intestinal site of
greatest absorption of both calcium and strontium is the
duodenum, whereas the site of most effective (efficiency
x residence time) absorption is the ileum. Factors tend-
ing to enhance calcium and strontium absorption are
vitamin D, lactose, and specific amino acids, such as
lysine and arginine.

Parathyroid hormone accelerates the resorption of bone
strontium, as it does bone calcium (Catsch, 1967; Vander-
borght et al., 1972). The inclusion of alginates in the diet
has a greater depressing effect on strontium absorption
than on calcium absorption (Waldron-Edward et al.,
1964).

Levels in the Human Diet

Table 14 lists values for strontium and calcium content of
various food constituents of the diet in the United King-
dom given by Bryant et al. (1958). Values for institutional

TABLE 14 Average Daily Intake by Adults of Strontium and Calcium in

Various Foods in the United Kingdom

Daily Intake
Sr, mg/day Ca, g/day Sr:Ca, mg/g

Milk and milk products 0.193 0.667 0.280
Flour, bread, etc. 0.714¢ 0.332 2.150
Potatoes 0.062 0.019 3.240
Carrots 0.026 0.006 4.310
Cabbage (and greens) 0.031 0.014 2.180
Peas (and beans) 0.015 0.005 3.050
Lettuce 0.005 0.002 2.720
Other vegetables and fruit 0.174 0.058 3.000
Other cereals 0.033 0.011 3.000
Meat 0.016 0.027 0.600
Eggs 0.024 0.024 1.000
Fish 0.095 0.019 5.000
Other foods 0.045 0.015 3.000

TOTAL 1.433 1.199 Ratio of Totals=1.195

¢ In England, bread is fortified with calcium (and therefore also with strontium).

SOURCE: Bryant ot al. (1958).
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diets for eight different sections of the United States are
presented in Table 15 (from Strong et al., 1972). The
range of values for the eight locations, in terms of stron-
tium intake per day, is 1.03-2.67 mg/day, and the range of
ratios of Sr:Ca (mg/g) is 0.89-2.41. It is apparent, then,
that the variation is not great from region to region in the
sampled areas and does not exceed a factor of 3. This
uniformity of strontium concentrations in diet might re-
flect the interchange of dietary components from region
to region. Strong et al. (1972) show a trend in dietary
strontium:calcium ratios in the east-west profile across
the United States (Figure 13). The eastern region (Atlan-
tic Ocean to the Ohio and Mississippi rivers) was noted
as having a Sr:Ca ratio of less than 1 mg/g; the middle
region (including the states bordering the Gulf of Mexico),
a ratio of 1-2 mg/g; the southern far-western area, values
of more than 2 mg/g. This general trend of strontium with
respect to calcium in different diets reflects the concen-
tration of strontium in surface material as given in Figure
10.

Content of Human and Animal Skeletons

The strontium:calcium ratio in the skeleton of humans of
various ages, as derived by Bryant et al. (1958) for the
United Kingdom, is given in Table 16. Because the cal-
cium content of the skeleton, on a dry fat-free basis, is
about 26 percent, the strontium values were calculated in
parts per million, and these were also included in Table
16. Values for six regions of the United States given in the
report of Strong et al. (1972) are summarized in Table 17.

Again, the uniformity of the values, like those for the
diet, is striking, and the range, in terms of strontium:cal-
cium ratio or strontium in parts per million, does not
exceed ‘a factor of 2. Strong et al. (1972) also suggested
that the strontium concentration of the human skeleton
seemed to vary little with age, but tended toward a higher
concentration in older people. The strontium:calcium
ratio also did not vary greatly with the type of bone
sampled.

Martin (1969) recorded a mean strontium:calcium ratio

TABLE 15 Daily Intake of Strontium and Calcium in
Eight Localities in the United States, and the Mean and
Range of 22 Localities

Sr, mg/day  Ca, g/day Sr:Ca, mg/g
Boston, Massachusetts 1.18 = 0.08 1.33+0.08 0.89 = 0.05
Pittsburgh, Pennsylvania 154012 1.18x0.12 1.31 £ 0.07
Charleston, South Carolina 1.03 + 0.12 107022 099x014
Omaha, Nebraska 24402 1.99x0.15 1.23 = 0.10
Austin, Texas 1.83 + 0.45 1.64 = 0.44 1.14 £ 0.08
Phoenix, Arizona 263+050 1.11+028 241+033
San Francisco, California 267+028 125+0.14 221 +041
Seattle, Washington 1.84 £ 0.14 1.14 £ 0.22 1.66 = 0.18
Mean of 22 localities 1.74 + 0.28 1.30 = 0.18 1.40 = 0.21
Range of 22 localities 1.03-277 067-203 080 -241

SOURCE: Strong et ol. (1972).
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FIGURE 13 Strontium:calcium ratios at selected locations in
the Institutional Total Diet Sampling Network (Strong et al.,
1972). ’

of 0.51 for 75 human skeletons in Wisconsin, with a range
of 0.28-2.20. The strontium content had a mean value of
136 and a range of 77-587 ppm (dry fat-free basis). These
values are apparently higher than those for most regions
in the United States and might be attributed to the rela-
tively high strontium:calcium ratios in Wisconsin drink-
ing water (Strong et al., 1972).

Thurber et al. (1958) have provided strontium data on a
worldwide basis, although the number of samples in any
given region was small (Table 18). The data again indi-
cate the relative constancy of the strontium:calcium ratio
and of the stable strontium content of human bone from
region to region.

Additional data on the strontium and calcium content of
human bone tissue is available from the report of Alexan-
der and Nusbaum (1959).

The strontium content of portions of the skeletons of
two diverse animal species, mule deer and freshwater
fish, are presented in Table 19 (Farris et al., 1967) and
Table 20 (Ophel and Judd, 1967), respectively. The stron-

TABLE 16 Strontium:Calcium Ratio and Strontium
Content in Human Skeleton in the United Kingdom

Sr,* ppm, dry wt, fat-

Age Sr:Ca, mg/g free basis

0.180 +0.024 50.7

<1 month

1 month—4 yr 0.205 = 0.029 54.7

5-18 yr 0.276 = 0.021 73.7

> 18 yr 0.271 = 0.014 72.4

* Calculated by the p th ing skelet tains 96.7 p t calcium
on a dry weight, fat-free basis.

BOURCE: Bryant et al. (1958).
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TABLE 17 Strontium and Calcium Content in Human Bone from Six Regions of United States

No. of Average Sr, ppm dry, fat-
Region Samples Age Sr, mg/g ash Ca, g/g ash Sr:Ca, mg/g free basis
New England 23 13 0.07 £ 0.02 0.35 + 0.02 0.02 + 0.07 53.4
Mid-Atlantic 50 15 0.08 + 0.03 0.35 + 0.03 0.22 = 0.08 58.7
South 28 17 0.09 = 0.04 0.37 + 0.01 0.25 + 0.11 66.8
Great Lakes 8 18 0.08 = 0.03 0.36 = 0.02 0.23 = 0.07 61.4
Plains 9 18 0.09 + 0.02 0.36 + 0.01 0.27 = 0.06 72.1
West 14 18 0.08 + 0.02 0.37 + 0.02 0.21 = 0.06 56.1

SOURCE: Strong et al. (1972).

tium content and the strontium:calcium ratio of bone from
the deer and the fish were quite similar. As a reference,
the strontium:calcium ratios in the lake waters are also
given in Table 20.

Content of Human Soft Tissues

Tipton et al. (1965) published an extensive report on the
concentrations of various mineral elements in a number
of human soft tissues. Table 21 summarizes the values for
strontium and calcium in aorta, heart, and kidney. The
aorta contains considerably more strontium than the other
soft tissues and has a commensurately high relative cal-
cium content. The strontium:calcium ratios cited in Table
21, ranging from 0.57-1.30, are generally higher than
those of the human skeleton or bone as given in Tables
16-18, a relationship that was not expected. The overall
discrimination between strontium and calcium at the
blood-bone interface is usually considered to be close to
unity (Comar and Wasserman, 1964).

Compartmental Model

Dolphin and Eve (1963) summarized a large body of
human adult data in diagrammatic form (Figure 14). For
this model, it is assumed that 1.5 mg of strontium is
ingested per day, and, of this, 0.3 mg/day is absorbed and
0.04 mg/day is endogenously secreted into the digestive
tract and excreted with the unabsorbed portion (1.5-0.30

TABLE 18 Strontium Content and Strontium:Calcium
Ratio of Human Bone from Various Worldwide Regions

Sl', ppm! d-"Yn
fat-free basis
No. of

Region Localiies Mean Range Sr:Ca, mg/g
North America 9 109 73-141 041
South America 5 144 111-238 0.54
Europe 5 125 95-175 047
Asia 3 136 130-143 0.51
Africa 2 181 135-225 0.68

SOURCE: Thurber et ol. (1858).

= 1.2) in the feces. Other routes of excretion are the
kidney (0.24 mg/day in urine) and skin (0.02 mg/day in
sweat). The net retention of strontium is therefore zero,
indicating that the model individual is in the steady state
or in balance. The various compartments contributing to
the exchangeable strontium pool are also given in Figure
14, as is the rate of interchange of skeletal strontium with
exchangeable strontium (0.12 mg/day).

Essentiality for Animals

An unconfirmed report by Rygh (1949) indicated that rats
and guinea pigs fed a diet relatively free of strontium had
a high incidence of dental caries and poor growth, condi-
tions corrected by the addition of strontium to the diet.
Shorr and Carter (1950) suggested that strontium, as an
adjunct to calcium therapy, might be beneficial in the
remineralization of bone in persons with osteoporosis;
this approach has not been widely used or accepted.

Toxicity

There is no evidence that stable strontium at levels en-
countered in the biosphere exerts any deleterious effects
on animals, including humans. However, strontium at
quite high levels in the diet was shown several years ago
to produce the syndrome known as “strontium rickets” in
experimental animals (Shipley et al., 1922). The skeleton
failed to mineralize, even in the presence of adequate
vitamin D. The early explanation for the toxicity was that
strontium formed an insoluble phosphate complex,
thereby producing phosphate-deficiency rickets (Jones,

TABLE 19 Strontium in Deer Metacarpal Bone from
Colorado

Age, months Sr, mg/g ash® Ca, g/g ash Sr:Ca, mg/g
4-5 0.244 = 0.014 0.370 0.66

28-29 0.276 + 0.019 0.370 0.75

64-T7 0.283 + 0.017 0.370 0.76

88-113 0.300 = 0.015 0.370 0.81

* Value is mean *8EM (standard error of the mean).
SOURCE: Farris et al. (1967).
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TABLE 20 Strontium and Calcium in Lake Waters and Fish Bones

Lake Waters Sr, pg/ml Ca, mg/ml Sr:Ca, mg/g
Lake Huron 0.11 0.0266 4.14
Perch Lake (Chalk River) 0.032 0.00625 5.12
Fish Bones Sr, mg/g ash® Ca, g/g ash*® Sr:Ca, mg/g
Ribs

Lake Huron perch (10 0.204 + 0.0494 0.368 = 0.0226 0.80

Lake huron redhorse sucker (5) 0.360 + 0.0197 0.352 + 0.0083 1.02

Perch Lake perch (10) 0.399 = 0.0388 0.370 = 0.0161 1.07
Anterior vertebrae

Lake Huron perch (9) 0.277 + 0.0385 0.370 = 0.0207 0.75

Lake Huron redhorse sucker (5) 0.321 = 0.0287 0.358 = 0.0108 0.80

Perch Lake perch (10) 0.373 + 0.0247 0.364 = 0.0163 1.02

*Values of the mean +38D (standard deviation).
* Number of samples.
SOURCE: Ophel and Judd (1967).

1938). Another proposal was that strontium directly inhi-
bited the calcification mechanism (Sobel, 1954; Weber et
al., 1963), and still another was that the high levels of
dietary strontium in some fashion depressed the intesti-
nal calcium absorptive mechanism. The latter idea was
suggested by the studies of Bartley and Reber (1961) in
which it was shown that dietary strontium depressed the
retention of a subsequent oral dose of radiostrontium.
The problem of strontium toxicity was examined in
more detail using chicks (Corradino and Wasserman,
1970; Corradino et al., 1971; Corradino, 1972). Replacing
most of the calcium in the diet with stable strontium was
found to depress radiocalcium and radiostrontium absorp-
tion within a few days, as measured by the ligated
duodenal loop technique in situ. This effect is illustrated
in Table 22, in which the duodenal absorption of *Sr by

TABLE 21 Strontium and Calcium in Ash of Human
Soft Tissues from Four Different Geographic Regions

Median Values for Males Aged 20-59

Sr, ppm Sr,% inash Ca, % Sr:Ca,
Tissue in ash (x 100) in ash mg/g
Aorta
United States 34 3.4 5.0 0.68
Africa 32 32 3.3 0.97
Near East 35 3.5 29 121
Far East 22 22 24 0.92
Heart
United States 2.5 0.25 0.38 0.66
Africa 3.6 0.36 0.40 0.80
Near East 3.1 0.31 0.45 0.69
Far East 3.0 0.30 0.43 0.70
United States 4.9 0.49 0.82 0.60
Africa 6.6 0.66 0.78 0.85
Near East 78 0.78 0.60 1.30
Far East 6.8 0.68 12 0.57

SOURCE: Tipton et al. (1965).

rachitic chicks is compared to that of chicks on a normal
diet (1.2 percent calcium), those on a low-calcium diet
(0.1 percent calcium), and those on a low-calcium diet
supplemented with stable strontium (2.62 percent stron-
tium, the molar equivalent of 1.2 percent calcium). From
Table 22, we see that the presence of strontium in the diet
(IV) depressed ®Sr absorption to a level comparable to
vitamin-D-deficiency rickets (I). Those chicks on the
low-calcium diet (I1I) underwent an adaptation that en-
hanced the efficiency of **Sr absorption as compared to
the control group (II). It should be recognized that the
technique used for determining **Sr absorption measures
alterations in the process of absorption per se rather than
direct dietary influences.

Later investigations revealed that the inhibitory effect
of stable dietary strontium (2.62 percent) on intestinal
activity in chicks appeared at less than 2 days and reached
a maximum at about 4 days. High dietary strontium also
inhibited calcification; a significant reduction in percent-
age of ash in tibia (dry, fat-free basis) was evident at 34
days of feeding. Plasma calcium levels were also reduced.

15 mg/day
L SWEAT
002 moldey
03 my/s EXCHANGEABLE POOL - 17 mg 012 meiday BONE
1 PLASMA [ EXTRACELLULAR | BONE SURFACES
FLUID & SOFT TISSUE
D04 my/dey | 008 my 024 my 088 my 0-12 my/day %0 mg

URINE
024 m/dey

FIGURE 14 Compartment model for strontium metabolism in

human adults (Dolphin and Eve, 1963).
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TABLE 22 Effect of Dietary Calcium Level, Vitamin
D,, and Strontium on **Sr-Labeled, Calcium Absorption
by Ligated Duodenal Segment in Situ.

Group Previous Diet Experimental Diet % Dose *Sr Absorbed®

I Rachitogenic = Normal Ca, — Dy 6.02 = 1.08*
11 Normal Normal Ca, + Dy 23.12 £ 2.35
1 Normal Low Ca, + Dy 70.50 + 3.22
v Normal Low Ca, + Sr,+ D,  7.88 + 0.88*

“ Each value represents the mean 23E (standard error) of five chicks per group.
*These values were the only pair not significantly different at 1 percent level by
Student’s t-test.

8OURCE: Corradino and Wi (1970).

When chicks, previously fed the high-strontium diet (2.62
percent) for 7 days, were given a normal diet, rapid
recovery of all measured parameters quickly ensued. **Sr
absorption began to increase within 1-2 days, as did the
intestinal level of calcium-binding protein. Bone ash and
plasma calcium also began to return to normal but were
still less than the control group after 7 days.

The mechanism by which strontium exerts its effect is
still not absolutely clear, although there is evidence for
interference with vitamin D metabolism. According to
the reviews of Wasserman and Corradino (1971) and Was-
serman and Taylor (1972), it has been demonstrated that
cholecalciferol (D;) is hydroxylated in the liver to form
25-hydroxycholecalciferol [25-(OH)D;], and is sub-
sequently further hydroxylated in the kidney to 1,25-
dihydroxycholecalciferol [1,25-(OH);D;]. The 1,25
(OH);D, is the most biologically active form of D, and is
considered to be the form that affects calcium absorption
through an intermediate protein synthetic event at the
intestinal level. Omdahl and DeLuca (1971) observed in a
similar experimental procedure to that given above that
the defect in calcium absorption could be rectified by the
administration of 1,25-(OH),D;, but not by 25-(OH)D; or
vitamin Dy as such. This suggested that the ingestion of a
diet with a high strontium content reduces or inhibits the
ability of kidney enzymes to convert 25-(OH)D; to 1,25-
(OH),D,. Studies with radioactively labeled vitamin D, or
25-(OH)D; tended to confirm this hypothesis (Omdahl
and DeLuca, 1972).

In a series of studies using different strontium:calcium
dietary ratios (on a molar basis), it was observed that at 3
days a ratio of 0.2 yielded a significant reduction in the
synthesis of the vitamin-D-dependent calcium-binding
protein, CaBP (Corradino, 1972). At 14 days, there was a
“spontaneous’’ recovery in this group in which intestinal
CaBP levels became equal to those in the control group.
No spontaneous recovery occurred if the dietary Sr:Ca
ratio was 2 or greater.

Mraz et al. (1967) fed laying hens diets containing
varying levels of supplemental SrCO; and a calcium
level of 2.8 percent. At a strontium level of 0.5 percent
(Sr:Ca molar ratio 0.08), no deleterious effect was noted.
At the 1 percent strontium level (Sr:Ca molar ratio 0.16),
the hens lost more weight than the controls, but egg

production and egg-shell strength were not adversely
affected, and there was only a slight increase in late
embryonic mortality.

Because strontium:calcium molar ratio encountered by
humans is usually of the order of 6 x 1074, it is very
unlikely that usual levels of dietary strontium would be
sufficiently high to elicit any of the responses noted
above.

RECOMMENDATIONS FOR RESEARCH

1. More extensive information on stable strontium con-
centrations in plant materials, animal and human diets,
and animal and human tissues is required.

2. More information on the state of strontium in soils,
its availability for plants, and the strontium—-calcium
selectivity in the soils-to-plant transfer step is required.

3. Information about the movement of stable strontium
through the biosphere, particularly for comparison with
®Sr movement, is required.

4. The long-term toxic effects of moderate levels of
stable strontium should be studied.

5. The interrelation of strontium to various elements
(calcium and fluorine, for example) in water, soil, and
biological tissue and to various disease states should be
studied. Regions of low or high strontium should be
selected for the study of animal, human, and plant health.
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Tin

KENNETH C. BEESON, Chairman

Wallace R. Griffitts, David B. Milne

Tin occurs widely in nature in such disparate modes as
insoluble oxides (such as cassiterite, SnO,) and as organic
complexes in peats and coals. Tin and its alloys have been
economically important for man since the beginning of
the bronze age. Although tin, in minor quantities, appears
to be a common constituent of plants, it has no known
function in them. In 1970, however, Schwarz et al. (1970)
found that various tin compounds have a significant effect
on the growth of rats if trace element contamination from
the environment is rigidly excluded.

GEOCHEMISTRY

Rocks

Tin is dispersed in very small and generally uniform
amounts in most silicate rocks. Among igneous rocks, it is
found in concentrations of 0.3-0.5 ppm in ultramafic
rocks; 1-1.2 ppm in basalts, gabbros, and other mafic
rocks; and about 3.5 ppm in granites (Wedepohl, 1969).
Some granites that are associated with tin deposits may
contain locally much more tin, 120 ppm having been
found in a sample of one granite on the Seward Peninsula,
Alaska (Sainsbury et al., 1968).

Granitic micas generally have two to four times the
concentrations of tin found in the associated feldspars,
biotite, and other dark minerals. Sphene contains far more
tin than other minerals. In basic rocks, tin is found in
plagioclase, and in smaller amounts in olivine, pyroxenes,
and hornblende. Perhaps most important from a
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geochemical standpoint is the occurrence of tin in miner-
als that are moderately susceptible to weathering—the
feldspars, biotite and other dark minerals (Wedepohl,

'1969). Thus tin may be mobilized as rocks disintegrate.

Sedimentary rocks seem more varied. Shales average
about 5 ppm of tin, but few data are available for lime-
stones and sandstones because they generally contain tin
in concentrations below the limits of detection of most
analytical methods.

Soils

A review by Hamaguchi and Kuroda (1969) of early work
on the distribution of tin concludes that variations in the
concentration of tin in soils are largely related to the
bedrock from which the soils are developed. Gordon
(1953) reported 30-300 ppm of tin in the ash of 50 peats in
Finland. Pinta and Oliat (1961) rarely found more than
traces of tin in the tropical soils of Dahomey.

Soils underlain by crystalline rocks or shales may be
expected to contain a few parts per million of tin. This
generally low level of tin is substantiated by the analyses
of nearly 900 soil samples taken throughout the United
States. Only 1 percent of the samples contained more than
10 ppm of tin, and the maximum found was 20 ppm. A
similar number of soil samples collected across the state
of Missouri also yielded about 1 percent with 10 ppm or
more of tin (personal communication, W. R. Griffitts,
1974). Tin districts may exhibit exceptional tin levels in
soil. For example, soils in the Lost River tin district of
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Alaska contain as much as 1,500 ppm tin (Sainsbury et al.,
1968).

Water

Public water supplies in 42 cities in the United States
were found to contain 1.1 to 2.2 ppb of tin; water from 175
sources in west-central Arizona contained 0.8 to 30 ppb.
Seawater contains 0.2 to 0.3 ppb of tin (Wedepohl, 1969).

ANALYTICAL METHODS

Most workers with tin in the biological field appear to
have assumed that their ashing and solution methods
have been satisfactory. However, a recent report by
Hutner (1972) notes that wet-ashing methods are in-
adequate for tin; Schroeder et al. (1964) state that drying
tissues at 110° C and subsequent ashing at 450° C may
incur losses, especially from the organotin compounds.

Jeltes (1969) analyzed air samples for tin by atomic
absorption spectroscopy. The air was filtered through
glass-fiber filters, which were then extracted with
methylisobutyl ketone. He reports a detection limit of 0.1
mg of tin per cubic meter of air. Maienthal and Taylor
(1968) achieved a sensitivity of 50 ppm tin in water using
polarography. Kahn (1968) used an atomic absorption
spectrograph with an air-hydrogen flame for the deter-
mination of tin in water and reached a detection limit of
0.02 ppm.

Atomic absorption has a sensitivity of about 1 ppm for 1
percent absorption and a detection limit of 0.1 ppm in a
water solution using an air-hydrogen flame, according to
Capacho-Delgado and Manning (1966). The use of an
argon-hydrogen or air~hydrogen flame increases the sen-
sitivity of this method for tin by about two and a half times
over that achieved in an acetylene-air flame. However,
the atomic absorption method, particularly with the air-
hydrogen flame, is subject to a large number of interfer-
ences (Harrison and Juliano, 1969; Juliano and Harrison,
1970). Interferences that depress absorption are: sulfuric
acid (H;S0,); phosphoric acid (H,PO,) if above a 5 per-
cent concentration; lithium; sodium; and aluminum. Most
organic solvents almost obliterate tin absorption, even
when present at levels of less than 10 percent of the
sample by volume (Harrison and Juliano, 1969). Absorp-
tion is enhanced by the presence of cesium, rubidium,
potassium, strontium, magnesium, calcium, cobalt, cop-
per, and titanium (Juliano and Harrison, 1970).

D. B. Milne and his associates (personal communica-
tion, 1974) state that dry ashing is inadequate for the
determination of tin, particularly in the case of most
organotin compounds. Thus, tin chloride (SnCl,)—
volatile at 114° C—may be formed in the ashing process,
and SnQ,, which is relatively insoluble and is nonreactive
toward color reagents, may also be a product. In experi-
ments with dry ashing, only 20 percent of the SnCl, and
none of the organic tin as tryphenyltin were recovered.
Using a wet-ashing technique with a nitric—sulfuric acid
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digestion (Thompson and McClellan, 1962), nearly 100
percent of the inorganic tin and about 80 percent of the
organotin compounds were recovered.

Perchloric acid in the digestion mixture could form
SnCl, (Gorsuch, 1970). Probably any chloride in the sam-
ple in significant amounts could lead to some losses of the
tin as SnClL. Sandell (1959) describes a procedure in
which the tin is converted to the chloride and distilled,
but this is time consuming and requires the use of
specialized glassware and equipment. The colorimetric
method described by Thompson and McClellan (1962)
seems to be the most satisfactory for tin in biological
samples, and, in one experiment, as little as 0.2 ug of tin
in a 3-g sample (or about 0.067 ppm) was detected. This
procedure, however, has numerous sources for error, in-
cluding a pH-sensitive color development and losses
during the extraction process. Obviously, a critical aspect
of health research in tin is development of suitable analyt-
ical methods.

PLANTS
Content and Accumulation

Tin is not known to be essential for plants. Peterson
(1971) reported that generally concentrations of tin were
higher in lichens than in mosses. Lounamaa (1956) also
noted the higher accumulation of tin in lichens. Peterson
(1971) reported 20 ppm of tin in the ash of one sample of
an herb, Silene cucubates (a Caryophyllaceae). Sarosiek
and Klys (1962) reported the average tin concentration of
a number of native plants in the Sudeten mountains of
Czechoslovakia on peat soils to be 46 ppm in the ash and
roughly 5-10 ppm in the moisture-free tissue. Bardyuk
and Ivashov (1969) reported a threefold to tenfold higher
concentration of tin in plants growing over tin-ore de-
posits than those growing in soils outside the deposits.
Sedge and mosses were found to be the best ac-
cumulators. Bowen (1966) has reviewed much of the early
work on tin in higher plants, marine organisms, and
animal tissue.

Dobrovol’skii (1963) states that the ratio of the concen-
tration of tin in the plant to that in the soil (a coefficient of
biological accumulation) is greater than 1 and that tin is
severalfold more concentrated in plant ash than in the
topmost layers of the soil. Glazovskaya (1964), however,
believes that the coefficient is close to 1.

Sainsbury et al. (1968) found that the concentration
ratio based on ash of bulk tundra vegetation is above 1
where the tin content of the soil is below about 100 ppm,
but the ratio is below 1 where the tin content of the soil is
above about 150 ppm. Porutskii et al. (1962) report more
tin in the plastids than in the sap of apple and pear trees
and potato vines. Paribok and Kuznetsova (1963) report a
higher accumulation of tin in the roots of young bean,
barley, and tomato plants than in the aboveground plants.

Curtin et al. (1974) found 23-80 ppm tin in the ashed
residue of vapor transpired from several coniferous trees.
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The twig ash was also high, 6-40 ppm. Very little tin was
found in the needles or the A- and B-horizons of the
underlying soil.

Foods

There appears to be little recent work on tin in unpro-
cessed foods. Zook et al. (1970) determined the tin con-
tents of wheats and wheat products. Although there were
differences in concentration, they seemed largely unre-
lated to the geographical origin of the samples. Monier-
Williams (1949) found that the tin concentration in
canned foods and drinks is usually less than 100 ppm,
although higher levels may be present in certain products
after prolonged storage in closed, nonlacquered cans, or
after some days of storage in open cans.

Schroeder and co-workers (1964) analyzed a number of
natural foods, many of them from a garden soil reported to
have an appreciable concentration of tin. In vegetables,
they found tin contents that ranged from below the de-
tectable limit to 8.5 ppm on a fresh-weight basis, or,
roughly, up to 40 ppm in the dry material. In general,
grains contained less tin than vegetables. Higher levels
were found in foods preserved in tin cans, but there was
no direct comparison with fresh foods from the same
sources.

Aerial Contamination

There may be a danger of contamination from the use of
the organotin fungicides such as triphenyltinacetate, al-
though Klimmer (1968) reported that experiments with
radioactive materials show no systemic effect in plants
sprayed with triphenyltinacetate, and Brueggmann et al.
(1964) had earlier reported no damage to animals from
eating beet leaves also sprayed with this material. Dust
sediments from industrial regions may contain from 10 to
10,000 ppm of tin, according to Morik and Morlin (1959).
The possibility of obtaining high toxic levels of tin from
leafy vegetables, but not necessarily from roots, seems
likely although it has received little attention.

ANIMALS AND MAN
Essentiality and Availability

Trace amounts of tin are widely distributed in biological
tissues and nutrients, but the element has generally been
considered an “‘environmental contaminant” instead of an
essential nutrient (Underwood, 1962). A recent review
(Schroeder et al., 1964) on tin in man and foods, for
instance, treated tin as an abnormal trace metal and con-
cluded that “measurable tin is not necessary for life or
health.” This conclusion was based mainly on the fact
that, with the prevailing inadequate methods of analysis,
“zero” levels of tin were found in the newborn and in
organs of natives of some foreign countries. However,
Schwarz et al. (1970) found that various tin compounds
exert a significant effect on the growth of rats if trace

element contamination from the environment is rigidly
excluded.

In rats maintained on purified amino acid diets in
trace element controlled isolators, trimethyltin hydrox-
ide, dibutyltin maleate, stannic sulfate, and potassium
stannate were found to enhance growth at dose levels
supplying 1 ppm of tin to the diet. When supplied as
stannic sulfate, 0.5, 1, and 2 ppm of tin in the diet
increased growth in rats by 24, 53, and 59 percent, respec-
tively (Schwarz et al., 1970). Tin as stannic sulfate or in
the form of many trialkyltin derivatives of the type R;SnX
(R denotes any organic side chain in which tin is cova-
lently linked to a carbon atom, and X is an anionic group
such as Cl-,OH", and acetate) also improved growth rates
and significantly increased pigmentation of rat incisors
(Milne et al., 1972). From the above data, the require-
ment for, or optimum concentration of, tin in the rat diet
would be between 1 and 2 ppm. If the requirement for a
100-g rat is approximately 10 ug/day, one could reason-
ably assume that a 75-kg man would require approxi-
mately 7.5 mg/day. Schroeder et al. (1964) found the
average composition of an institutional diet to contain
1.4]1 ppm tin on a wet basis. They calculated that a normal
human intake of tin from food might range from 1 to about
40 mg/day.

Values relating to balance studies in man vary greatly.
Kehoe et al. (1940) found an average of 18 ppm tin in 30
urine samples from the United States and an average of 9
ppm in 30 urine samples from Mexico. They measured
the content of tin in the food, fluids, and feces of a normal
male from the United States for 28 days, with the follow-
ing results (mean/day * SEM [Standard Error of the
Mean)):

Intake, mg Output, mg
Food and Beverages 17.14 + 1.9 Feces 2288 = 19
Urine 0.14 = 0.001

Kent and McCance (1941), on the other hand, found that
with a dietary intake of tin of 14.4 mg/day for 7 days, their
subject excreted 7.2 mg/day in the urine and 6.6 mg/day in
the feces. Almost all of an injected dose of tin was ex-
creted via the kidney. Twenty-three years later,
Schroeder et al. (1964) estimated that the average daily
human intake of tin was slightly over 4 mg/day, with the
bulk being excreted in the feces. The discrepancies in
these results are illustrative of the inconsistencies found
in the tin literature.

Tipton et al. (1966) reported that, in a 30-day study of
food intake, about 1.5-2.5 mg of tin was ingested per day,
and most of this was excreted. A later work (Tipton et al.,
1969) reported a daily intake in the United States ranging
from 0.10 to 100 mg of tin with an average of 5.8 mg per
day. The wide variation of the daily intake of tin probably
arises because most of this element enters the diet from
tin-coated cans and utensils,

Organotin compounds, particularly of the type R;SnX,
have been used widely over the past 20 yr as fungicides,
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bactericides, and insecticides (Barmes and Stoner, 1959;
Poller, 1970). At tin levels of 1-2 ppm, many of these
compounds showed an effect on growth in rats (Milne and
Schwarz, unpublished observations). Trimethyl-, ethyl-,
propyl-, butyl-, phenyl-, and, benzyltin chloride were
quantitatively compared to stannic sulfate as a standard.
All compounds of this type elicited positive growth re-
sponses in the isolated rats, but the ethyl and propyl
derivatives were distinctly less effective than the others.
An inverse relation appears to exist between the growth
effect of tin compounds and their antimicrobial potential,
indicating that the growth effect in rats is dissimilar to
effects on microorganisms. Also, inorganic tin salts that
have no antimicrobial effect were most effective in sup-
plying the tin requirement of the rat.

The chemical nature of tin found in nutrients and
tissues is unknown. However, much of the tin may be
present in the form of low-molecular-weight compounds
because it can be stored in fats (Schroeder et al., 1964).

TOXICITY

Most of the information on the biological action of tin
compounds has been from the toxicological point of view,
since many of these compounds (particularly of the type
R;SnX) are useful as fungicides, bactericides, insec-
ticides, and for their antihelminthic (antiintestinal worm)
activity. The toxicities of organotin compounds have been
reviewed thoroughly by Bames and Stoner (1959), and
more recently by Poller (1970). A striking feature is that,
unlike the toxicity of lead, mercury, or arsenic, tin toxicity
is manifest only when the tin is part of certain organic
(organotin) compounds, such as the trialkyltin salts
(Bares and Stoner, 1959). Inorganic tin is relatively non-
toxic. De Groot et al. (1973) noted that stannous chloride,
orthophosphate, sulfate, oxalate, or tartrate had no toxic
effect on rats fed these compounds over a 13-week period
at levels of 450-650 ppm tin in the diet. Stannous or
stannic oxides, and stannous sulfide and oleate, had no
effect on rats at three times that level. There is little or no
evidence that tin contributed by canned foods has any
significant biological effect.

CONCLUSIONS AND RECOMMENDATIONS

1. Most of the available data on the distribution of tin
in soils, plants, and animal tissues are scanty or question-
able because of analytical procedures that are inadequate,
both from the point of view of recoveries and of the
sensitivity of the method. Before any conclusive study on
the distribution of tin in biological systems or in the
geochemical environment can be made, a more sensitive,
reliable, rapid, and standardized method of tin analysis
needs to be developed.

2. At present we have no evidence that tin is either
beneficial or detrimental to plants. Investigations of these
matters do not appear to merit a high priority at this time.
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3. Before tin can be conclusively considered as an
essential trace element, effects should be shown in other
species besides the rat. Careful experiments involving
several generations of animals may be needed.

4. Tin deficiencies or tin toxicities of natural origin are
unknown in man and animals (except the rat), but these
possibilities should not be ignored.
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Vanadium

LEON L. HOPKINS, JR., Chairman

Helen L. Cannon, Alfred T. Miesch, Ross M. Welch, Forrest H. Nielsen

Vanadium could possibly affect human health in two
ways. First, because vanadium has been shown to be
essential for laboratory animals, it is presumably essential
for man, and thus inadequate dietary intake may affect
human health. Second, and more unlikely, toxic effects
from the intake of relatively high levels of vanadium from
the diet and air may occur.

Weathering of rocks and localized pollution provide a
continuous source of vanadium to the soil, but for the
most part, soil vanadium is bound by organic and clay
particles. Except for a few vanadium accumulator plants,
the small amount of vanadium taken up by plants from the
soil is largely retained in the roots and only smaller
amounts reach the aerial parts. Except for a few root
crops, feed and foods come from the aerial portions of
plants. Overall, man ingests relatively small amounts of
vanadium from food, low-to-moderate amounts from
drinking water, and, except from localized industrial ex-
posure and the buming of fossil fuel (oil and coal), little
that is airborne.

Vanadium is not highly toxic when taken orally by
mammals, because it is poorly absorbed, rapidly excreted,
and not excessively accumulated. Vanadium toxicity in
humans has been reported only rarely, and generally as a
result of industrial exposure to high concentrations of
airborne vanadium. Vanadium appears to be neither a
mutagen nor a carcinogen. Indeed, vanadium transport
through the food chain appears to benefit rather than
harm man because of the essentiality of vanadium in

nutrition.

Of greater concern than toxicity is the possible effect of
borderline vanadium deficiency in man. It has been esti-
mated (but not shown) that the dietary vanadium re-
quirement is around 100 ppb for laboratory animals con-
suming a purified diet and probably higher when they are
consuming a natural diet. Limited data indicate that most
food levels appear to be below this level, although water
may contribute minor amounts of highly available vana-
dium. Food processing and refinement further reduce
the amounts of available vanadium. If one can extrapolate
animal data to man, the observation of elevated blood-
lipid levels in vanadium-deficient animals makes one
wonder if marginal vanadium deficiency occurs in man
and if it is in part responsible for the increased serum-—
lipid concentrations that occur in some people. For a
more extensive review, see Chapter 7 in Vanadium, Re-
port of the Panel on Vanadium (Committee on Biologic
Effects of Atmospheric Pollutants, 1974).

GEOCHEMISTRY, DISTRIBUTION,
AND AVAILABILITY

Rocks

To obtain some estimate of the variation present in the
major rock types of the near-surface environment, the
computer-based Rock Analysis Storage System (RaAsS) file
of the U.S. Geological Survey was searched and the
retrieved data were passed through several programs to
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provide some general descriptors of the frequency distri-
butions (Table 23). The Rass file contains modem ana-
lytical data (mostly 1968 or later) on a large number of
rock, soil, and plant samples collected from all parts of the
United States by numerous Survey investigators in a wide
range of research programs, and analyzed in the Survey
laboratories. No samples containing a substantial amount
of vanadium were included.

Vanadium in igneous rocks is found largely in titani-
ferous magnetites (titanium-bearing Fe,O,) and ilmenite
(FeTiO,). The tendency for vanadium to accumulate in
these minerals and in ferromagnesian minerals accounts
for its abundance in the basic, as compared to the silicic,
igneous rocks.

Vanadium is present in igneous rocks largely as V** and
V**, It is oxidized by weathering to V**, which forms a
great number of soluble complexes. It is largely in this
form that vanadium is dispersed into the surface envi-
ronment. The dominant factor controlling the sedimen-
tary deposition of vanadium appears to be the presence of
organic matter, although it can also be precipitated in
aluminum and iron hydroxides. The importance of or-
ganic matter in the reduction and precipitation of vana-
dium is emphasized by an observation that all known
sandstone-type vanadium ore deposits are in rocks of late
Paleozoic age or younger and that this coincides with the
evolutionary development of land plants (Fischer, 1973).
The association of vanadium with organic matter accounts
for its relatively high concentrations in black shales of late
Cretaceous age, in phosphate deposits, and in many of the
sandstone-type uranium-vanadium ores of western Col-
orado and southeastern Utah.

Tourtelot et al. (1960) have shown that vanadium tends
to be associated with organic carbon in shales and clay-
stones of the Pierre Shale of late Cretaceous age in the
northern Great Plains. Shales and claystones with more
than 1 percent organic matter average 400 ppm vanadium;
whereas, those with less carbon than this, average less
than 200 ppm vanadium.

Vanadium also occurs in relatively high concentrations
in fine-grained sedimentary rocks that are older than late

Paleozoic and poor in organic matter. This type of occur-
rence probably results from its accumulation in the clays
that form by weathering of other minerals without being
converted to a soluble form. Carbonates (limestones and
dolomites) and coarse-grained sedimentary rocks
(sandstones and conglomerates) usually contain about
20-35 ppm vanadium, respectively; the finer-grained
sedimentary rocks (shales and clays) usually contain
somewhat in excess of 100 ppm (Table 23).

Vine and Tourtelot (1969) summarized a great deal of
data on vanadium and other elements in black shales and
reported a median vanadium content of 1,000 ppm.

Ores

Although 75 percent of the world production of vanadium
is from titaniferous magnetite deposits, about 90 percent
of the U.S. production is from deposits formed at rela-
tively low temperatures in sandstones (Fischer, 1973).
The principal titaniferous magnetite deposits are in Au-
stralia, Canada, South Africa, and the ussrR. The
sandstone-type deposits in the United States are chiefly
in western Colorado and southeastern Utah, where the
ore generally occurs within several hundred feet of the
surface and averages about 7,000 ppm vanadium in the
more vanadiferous deposits. These deposits are in
sandstones of Jurassic age in the eastern part of the
uranium-vanadium mining area identified on Figure 15;
the less vanadiferous deposits are in sandstones of Trias-
sic age, averaging about 600 ppm vanadium. Vanadium
accumulation in the sandstone-type deposits is commonly
believed to have been by reduction and precipitation
from groundwater solutions through the action of organic
debris (leaf imprints and carbonized fossil logs and leaves
are abundant in these deposits). The geologic source of
the vanadium is unknown.

Vanadium is also present in relatively high concentra-
tions in certain carbonaceous beds of the Phosphoria
Formation in Idaho, Wyoming, Utah, Montana, and
Nevada; it is recovered as a by-product of phosphate

TABLE 23 Median and Percentile Concentration of Vanadium (in ppm) in Some Broad Categories of Rock Type

Basic and Intermediate
Ultrabasic and Silicic Coarse-Grained Fine-Grained Limestones
(Mafic) (Felsic) Sedimentary Sedimentary and
Percentile Igneous Rocks Igneous Rocks Rocks Rocks Dolomites
10th 27 o 7 47 —
20th 54 - 13 70 5
50th (median) 150 24 35 130 21
80th 300 82 78 260 61
90th 380 140 140 580 120
SAMPLES 2,498 3,219 1,785 2,166 1,177
SOURCES: The estimates in this table are based on retrievals of data from the based Rock Analysis Storage System (RAsS) file of the U.S. Geological Survey; the samples

are from widely scattered localities throughout the United States. Th.e medians given here agreed closely with average values published by Turekian and Wedepohl

represented
(1961), Rankama and Sshama (1950), and Vinogradov (1850).
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FIGURE 15 Broad regions of the conterminous United States that are underlain by some rock units that generally contain more than

100 ppm vanadium.

H. A. Tourtelot (personal communication, 1973).

H. L. Cannon, personal communication, 1976).

mining. Jaffé (1961) reported that the phosphate rock
contains 70-4,000 ppm vanadium and cited vanadium
pentoxide reserve estimates of 550,000 tons. Seventeen
analyses of phosphate rock from the western contermi-
nous United States and Alaska, stored in the RASS system,
show 20-700 ppm vanadium, with a median of 150 ppm.
Studies of all the major coal provinces of the United
States (Zubovic et al., 1961, 1964, 1967; Zubovic, 1966)
showed that the raw coals average less than 50 ppm
vanadium and seldom exceed 100 ppm. Of 197 coal sam-
ples represented in the RASS system, 193 show less than
1,000 ppm vanadium in the coal ash and, presumably, less
than about one-tenth of this amount in the whole coal.
Other ores in the United States in which vanadium is
present in relatively high concentrations are restricted in
geographic occurrence. These ores include the sedimen-

Volcanic rocks of the Columbia Plateau-Snake River Plain region.

Black shales of late Cretaceous age. Dark-colored areas represent parts that are more vanadium-rich, as identified by
Region of phosphate deposits of the Phosphoria, Park City, and Embar formations (after V. E. McKelvey, 1949,

Principal region of sandstone-type uranium-vanadium deposits of the Colorado Plateau. Deposits in the eastern part
of this region are distinctly more vanadiferous than those in the western part.

tary iron ores of the Lake Superior region, which contain
100-1,000 ppm vanadium (Fischer, 1959); some copper,
lead, and zinc deposits of the Southwest; a gold—quartz
vein in Colorado averaging about 10,000 ppm vanadium
(Lovering and Goddard, 1950); and a deposit in altered
argillic rock in Arkansas that averages about 5,000 ppm
vanadium according to Fischer (1973). There has been
some commercial production of vanadium from each of
these sources.

An extensive search for a number of metals, including
vanadium, in other types of ore deposits and smelter
products was made by the U.S. Geological Survey in the
1940’s at the request of the War Production Board. The
analytical results, given by Kaiser et al. (1954), have been
studied by Fischer (1959). They show that vanadium
concentrations in most ores, mill heads, tailings, ore con-
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centrates, flue dusts, and slags are less than 50 ppm. Of
775 samples of these materials that were analyzed, 36
contained vanadium in the range of 500-3,000 ppm; most
of these higher concentrations were found in association
with manganese, chromium, gold, and copper, but the
general indication of the study was that vanadium does
not tend to be a prominent constituent of most types of ore
or smelter products.

Geographic Distribution

Some general observations on what might be called the
first-order characteristics of the distribution of vanadium
could be useful in broad-scale epidemiology. Most of the
central interior of the United States (the Midwest) and the
central Great Plains, as well as the intermountain portions
of the West, are underlain by sedimentary rocks or uncon-
solidated sedimentary deposits. Except where shales are
abundant, the vanadium in these deposits ranges, for the
most part, from a few to 200-300 ppm. The concentrations
in the shales range up to about 600 ppm. Values this high
may be common in certain shales of late Cretaceous age
in the northern Great Plains region (Figure 15), with even
higher vanadium content in black shales as noted by
Vine and Tourtelot (1969).

Another broad region of the United States underlain by
strata that are relatively rich in vanadium includes most of
Oregon, Washington, Idaho, and nearby areas. Strata here
consist of volcanic rocks, mostly basalts. Judging from the
concentrations of vanadium found in mafic igneous rocks,
the vanadium concentrations in the basalts may range
above 400 ppm. The relatively high concentrations of
vanadium in the soils of this part of the country
(Shacklette et al., 1971) probably reflect this occurrence.
Another area underlain by volcanic rocks rich in vana-
dium is the entire State of Hawaii.

The largest natural accumulations of vanadium in the
United States are concentrated in ore bodies that occur in
sandstones within several hundred feet of the surface in
western Colorado and southeastern Utah (Figure 15).
Vanadium concentrations in these rocks range up to sev-
eral percent.

The vanadiferous areas of the conterminous United
States shown on Figure 15 include only those of broad
geographic extent: some smaller areas surrounding
known or unknown vanadium-bearing mineral deposits
are higher in vanadium content.

Soils

Content The vanadium content of a soil is dependent on
the rocks and minerals from which the soil parent mate-
rials were derived and the action of soil-forming factors
(physical, chemical, and biological) to which the parent
materials were subjected during soil formation and de-
velopment (Mitchell, 1964, 1971). The more mature and
fully developed a soil is, the less direct is the effect parent
rock has on its vanadium content.

Swaine (1955) lists the normal range of total soil vana-

dium concentrations as 20-500 ppm. Mitchell (1964)
reported a range of 20-1,000 ppm vanadium in various
soils of Scotland. The average vanadium content of soils
worldwide has been reported to be approximately 100
ppm (Swaine, 1955; Cannon, 1963; Mitchell, 1964;
Bowen, 1966). Shacklette et al. (1971) report the total
range of vanadium concentrations in 862 samples from
throughout the conterminous United States to be from
less than 7 to about 500 ppm. The approximate percentile
concentrations of vanadium in soil (in parts per million),
interpolated from their histogram, are tenth percentile, 20;
twentieth percentile, 30; fiftieth percentile (median), 60;
eightieth percentile, 100; and ninetieth percentile, 130.
The median concentration of vanadium in the surficial
materials (soils and regoliths) of the United States, there-
fore, is found to be intermediate between mafic (150) and
felsic (24) igneous rocks from which the vanadium ulti-
mately was derived and is closer to the median for the
felsic rocks, which are the more abundant of the two
broad types.

Figure 16 is a map of soil vanadium in the contermi-
nous United States (from Shacklette et al., 1971). It shows
that soils and other surficial materials in Florida, which
were derived largely from underlying carbonate rocks,
are vanadium-poor.

Mitchell (1964, 1971) has stated that vanadium is usu-
ally highest in soils developed on olivine gabbro and has
listed the total vanadium contents in 10 Scottish soils
developed on various parent materials derived from dif-
ferent rock types as follows: serpentine, 100 ppm vana-
dium; olivine gabbro, 200 ppm; andesite, 100 ppm;
trachyte, 60 ppm; granite, 20 ppm; granite gneiss, 250
ppm; quartz mica schist, 200 ppm; shale, 200 ppm;
sandstone, 60 ppm; and quartzite, 250 ppm. Cannon
(1963) has reported vanadium concentrations in soils
overlying uranium-vanadium deposits to be as high as
1,500 ppm.

Exceptionally high concentrations of vanadium (430
ppm) were also reported for the anomalous selenium-rich
alkaline soils from certain regions in Kansas
(Goldschmidt, 1954). Vanadium does not necessarily
occur in selenium soils. Uranium, vanadium, and
selenium occur together in uranium ores, but high-
selenium ash falls embedded in shales are not always
high in uranium or vanadium.

Availability to Plants

Vanadium availability to plants may be best measured by
its extractable (soluble plus exchangeable) content in
soils. However, the content of extractable vanadium in
different soil types depends on a number of complex
factors (Mitchell, 1964, 1971). These include soil parent,
soil physical factors (e.g., structure, texture, aeration), soil
chemical factors (e.g., oxidation-reduction potential, pH,
organic matter content, amount of hydrous manganese
and iron oxides), and soil biological factors (e.g., micro-
bial activity and plant root exudates). Mitchell (1964,
1971) has reported ranges in Scottish soils of from 0.1 to 1.0
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FIGURE 16 Vanadium in soils and other surficial materials of the conterminous United States (modified from Shacklette et al., 1971).

ppm vanadium extractable with 2.5 percent acetic acid
solutions (pH 2.5) and from 0.2 to 5 ppm vanadium ex-
tractable with EDTA (ethylenediaminetetraacetic acid).
Swaine (1955) reported soil levels of extractable vana-
dium up to 0.5 ppm with 0.5 N acetic acid and less than
0.2 ppm using neutral 1 N ammonium acetate. Acetic acid-
extractable vanadium levels in most soils are less than 0.1
ppm. Impeded soil drainage and accompanying anaerobic
conditions can result in large increases in extractable
vanadium from soils (from 0.08 to 4.3 ppm vanadium after
flooding) (Mitchell et al., 1957; Mitchell, 1964; Ng and
Bloomfield, 1962). Apparently, increasing the organic-
matter content of waterlogged soils also increased the
extractable (either water or acetic acid extraction) level of
vanadium in those soils. Mitchell (1964) concluded that
vanadium may be associated with hydrous iron oxides in
soils and thus can be mobilized on anaerobic incubation
with organic matter. Reoxidation of hydrous oxide coat-
ings on soil particles of those soils may immobilize some
of the vanadium released during anaerobic incubation
(Ng and Bloomfield, 1962). There appears to be a faixly
good correlation between total and extractable vanadium
in soils that are freely drained, but not in those that are
poorly drained (Mitchell, 1964).

Not only do the total and extractable vanadium levels

vary greatly among the different soil types, but large
differences in total and extractable vanadium concentra-
tions are found in various soil fractions (Swaine and
Mitchell, 1960; Mitchell, 1964, 1971). In general, sand
particles contain most of the vanadium (usually greater
than 60 percent) in the soil, except in poorly drained soils.
Clays from poorly drained soils may have up to five times
the total vanadium content of clays from freely drained
soils (Mitchell, 1964).

During the course of soil development, vanadium may
be released from rocks and minerals as a complex anion
(Goldschmidt, 1954) and either precipitated with calcium
(or other polyvalent cations) or lost in drainage waters.
The vanadium anion may also be bound to organic com-
plexes, adsorbed on anion-exchange materials in soil
(Mitchell, 1964), or coprecipitated with or adsorbed by
sesquioxide surface coatings on soil particles [chiefly
hydrous, amorphous ferric oxide (Fe;O;) or goethite]. In
precipitation tests, vanadium was almost completely co-
precipitated with Fe,0,. Extraction of a soil with am-
monium oxalate solutions readily releases trace elements
bound to amorphous Fe,O; and organic matter, but not
from Al;O;. Ammonium oxalate extractions of a soil re-
leased 40 percent of its total vanadium content; over 600
times as much vanadium was extracted from a soil with
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ammonium oxalate as was extracted with acetic acid. The
occurrence of vanadium in sesquioxides has been re-
viewed by Mitchell (1964).

Under reducing soil conditions, trivalent or tetravalent
vanadium may be chelated to organic matter complexes;
the trivalent form may also be precipitated as sulfides
(Mitchell, 1964). Depletion of vanadium from surface
horizons has been found for various soil types throughout
the world (Mitchell, 1964). Table 24 shows the total and
acetic acid (2.5 percent) extractable vanadium content at
different depths of a peaty podzol with a thin iron pan.
Apparently, vanadium was mobilized in surface horizons,
transported, and then accumulated in the A A, horizon.

Mitchell (1964) has summarized the range of vanadium
concentrations in commonly used fertilizers. Several con-
tained less than 1 ppm, but rock phosphate, superphos-
phate, and basic slag contained 10-1,000 ppm, 50-2,000
ppm, and 1,000-5,000 ppm, respectively. Thus, these
fertilizers may be a problem if the vanadium in them is
available to plants because of the fairly high phytotoxicity
of vanadium (Pratt, 1966). The forms in which soil va-
nadium is available to plants are not known. Mitchell
(1964) has suggested that vanadium chelates may be the
form most readily taken up by plants. Welch (1973) has
studied the uptake of vanadium by roots from radioac-
tively labeled (*V) solutions. The accumulation of vana-
dium by excised barley roots was shown to be a passive
process requiring no metabolic energy; a 0.2 puM (mi-
cromolar) concentration of Ca?* ions was found to be
required for maximum rates of uptake. The rate of uptake
was also dependent on the form of vanadium in solution
that, in turn, was controlled by pH level and the
oxidation-reduction potential of the solution. Within the
normal pH range found in most freely drained soils (pH’s
from 5 to 8), the metavanadate ion (VO,~) was the predom-
inant ionic species taken up. At high pH levels (where the
orthovanadate ions are formed), rates of absorption
dropped rapidly, with virtually no vanadium taken up be-

TABLE 24 Vanadium Content of a Peaty Podzol® with a
Thin Iron Pan®

Vanadium Content, ppm

Extractable

Depth, in. Soil Horizon Total (2.5% acetic acid)
— Surface vegetation 1 —_

1-2 Mull 20 0.04

4-8 Humus 10 0.05
10-13 AA, 150 0.72
13 B, pan 200 0.05
13-17 B, 100 0.07
24-28 B, 100 0.18

“A multilayer acidic soil with light-colored leached upper layers and dark-brown
lower layers where depleted materials accumulate.

*A hard cement-like layer within or just beneath surface soil.

‘< ] in thick

SOURCE: Swaine and Mitchell (1960).

tween pH 9 and 10. At pH levels below 4, the rate of
vanadium absorption increased rapidly, corresponding to
the rise in solution concentrations of the dioxovanadium
ion (VO,*). These results suggest that the VO,* species
may be taken up more rapidly than the VO,~ ionic
species. It appears that under normal conditions, the form
of vanadium taken up by roots from soil solutions is either
the VO;~ or VO,* ionic species. Under reducing condi-
tions and acid pH’s, the tetravalent oxovanadium species
(VO**) may also be taken up. Both VO,* and VO** ions are
capable of being chelated and could contribute substan-
tially to vanadium uptake by plants. Vanadium uptake by
roots from solution was not appreciably affected by the
addition of various other cations and anions in the culture
(i.e., Na*, NH*, HPO~, HAsO2, MoO,, SeQ.,
CrO,*, Cl-, NO;~, BOy*", and SeO,*") at 10 times the
concentration of the vanadium (i.e., 5 uM vanadium com-
pared to 50 uM concentrations of the other elements
studied).

Except in accumulator-plant species (see Cannon,
1963; Pratt, 1966), vanadium is not readily translocated to
plant tops and even less so to seeds (Pratt, 1966). In this
context, Mitchell ef al. (1957) have shown that extractable
soil vanadium is poorly correlated to vanadium concentra-
tions in plant tops.

Water

Vanadium occurs in water in several chemical forms, of
which the dioxovanadium cation (VO,*) and the vanadate
anion (VO,") are readily soluble. The mobility of these
compounds in water, however, is probably low because of
easy adsorption on clay and precipitation with organic
matter. Relatively high concentrations of vanadium have
been reported (Kuroda, 1939) in nine Japanese hot
springs, five of which contained from 22-79 ppb and three
contained 208, 220, and 247 ppb vanadium. Seawater
contains about 0.3 ppb vanadium (Mason, 1958).

Twenty-one samples of river water in Japan contained
from 0.1 to 1 ppb with a mean of 0.91 ppb vanadium
(Sugawara et al., 1956). Kleinkopf (1960) found vanadium
contents of as much as 2.1 ppb, with a mean of 0.112 ppb,
in 440 lake waters in Maine.

The median vanadium content of 100 municipal water
supplies in the United States was reported as < 4.3 ppb,
with a range from nondetectable levels to 70 ppb (Durfor
and Becker, 1964). Water supplies in the Southwest are
generally higher in vanadium content than those of the
eastern states. Thirteen springs and wells in the
vanadium-bearing Morrison formation of the Colorado
Plateau had a maximum of 300 ppb vanadium (Phoenix,
1959).

Although present-day spectrographic methods using
preconcentration and purified carbon are adequate for
vanadium determinations in water, recent studies show
that the size of filter is an important consideration in
collecting raw water (Table 25) and that many reported
analyses include concentrations of metals or clay.

A study of trace element data in the rivers and lakes of
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TABLE 25 Vanadium Content of Stream Waters in
Missouri during Flood Runoff (ppb)

Type of Underlying

Geologic Filtered

Material Stream (0.1 w) Unfiltered

Glacial drift Medicine Creek <12.0 140

Shoal Creek <170 60

Pennsylvanian Cedar Creek  <.0.9 110
sandstone, shales Big Creek <2 900
and limestones

Mississippian Shoal Creek < 2.0 67
limestones Spring River < 2.0 74

Cambro-Ordovician Osage Fork < 20 33
dolomites Jack Fork < 50 22

NOTE: The vanadium contents of the unfiltered samples reflect the total vanadium
tration in the stream water and also the concentration of vansdium in the sus-

pended sediments.
SOURCE: Feder, (1973).

the United States (Kopp and Kroner, 1968) showed only
3.4 percent frequency of detection of vanadium, with the
greatest frequency (9 percent) in the Colorado River Ba-
sin. The water was filtered through a 0.45-u filter. The
maximum contents appear to reflect contaminations from
various sources (Table 26). Uranium mills located on
major rivers may be the largest source of vanadium in
drinking water. Although there may be general differ-
ences in vanadium concentrations in the waters of the
major sections of the country, it is doubtful, with the data
available at the present time, that maps can be drawn to
compare natural geochemical differences with disease
patterns.

Pollution Sources

Petroleum and other naturally occurring hydrocarbons
such as asphaltite contain appreciable quantities of vana-
dium. Gerrild and Lantz (1969) give vanadium analyses
of 75 crude oil samples from sand units of Pliocene age in
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TABLE 27 Vanadium in Nonurban Air Samples (ug/m?3)

Percentile Vanadium Content
10th <0.0005

20th <0.0005

50th (median) 0.0005

80th 0.01

90th 0.02

SOURCE: E P Agency (1978).

southem California. The values range up to 11 percent in
the ash and average about 5 percent. An asphaltite deposit
in Peru, containing vanadium sulfide and vanadium
oxides, assays as high as 25 percent vanadium.

The combustion of petroleum products such as in elec-
trical generating plants may be contributing detectable
amounts of vanadium to the atmosphere. The Office of Air
Programs of the Environmental Protection Agency (1972)
reported the frequency distributions of vanadium in the
air at 112 nonurban stations through the United States in
1966 and at 120 nonurban stations in 1967. The distribu-
tions for both years were similar to the values given in
Table 27. Only one of the 232 measurements in nonurban
areas exceeded 0.1 ug/m®. In both 1966 and 1967, how-
ever, the measurements at eight urban stations exceeded
this value.

Shacklette and Connor (1973) have used Spanish moss
(Tillandsia usneoides) to measure the relative amounts of
vanadium and other elements in the air throughout the
southeastern United States. Spanish moss is an epiphyte
and derives all its nutrients and other constituents di-
rectly from the air, either as gases, solutes in rainwater, or
airborne particulate matter. The frequency distribution of
vanadium in the ash of the Spanish moss is shown in
Table 28. The region sampled includes almost all parts of
the United States where Spanish moss grows. There is a
general tendency for vanadium to be more highly concen-
trated in samples from the eastern part of this region

TABLE 26 Maximum Vanadium Content of River Waters and Their Probable Sources of Contamination (ppb)

Maximum Observed Content Source Location

16 Pulp Mill Kanawha River, West Virginia

63 Oil refineries Maumee River, Toledo, Ohio

54 Chemical industries Kanawha River, West Virginia

38 Acid mine drainage Ohio River, Toronto, Ohio
~15 Raw and treated sewage Many rivers

40 Hydroelectric plant Shenandoah River, Virginia
217 Uranium mill San Juan River, Shiprock, New Mexico
300 Uranium mill Colorado River, Loma, Colorado
184 Denver sewage and recycled irrigation South Platte, Julesburg, Colorado

waters

158 Unknown Missouri River, Big Horn, Montana
500 Unknown Nichols Hill, Oklahoma

soURcE: Kopp and Kroner (1068).
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TABLE 28 Vanadium in Ash of Spanish Moss (ppm)

Percentile Vanadium Content
10th 50
20th 60
50th (median) 83
80th 130
80th 180

SOURCE: Shacklette and Connor (1973).

(Figure 17), a distribution that Shacklette and Connor
(personal communication, 1973) feel may reflect, at least
in part, the refining of Venezuelan crude oils in this part
of the country. Venezuelan crude has been reported to
contain among the highest amounts of vanadium of all
crude oils measured from various countries (Committee
on Biologic Effects of Atmospheric Pollutants, 1974).

Coal-fired power plants do not appear to introduce
much vanadium into the environment (Cannon and An-
derson, 1972). Analyses of native vegetation collected at
the same sampling sites before and after the firing of the
Four Comers Power Plant in northwest New Mexico
show no significant difference with either time or dis-
tance from the power station. The plants, which were
largely Atriplex species, averaged 3.8 ppm vanadium in
1962 and 3 ppm in 1973.

Local areas of soil pollution with vanadium may arise
from aerosol particulates containing vanadium residues

7
|

e e - —
—

@ 56-180 ppm

500 mi

O 12-56 ppm

that are emitted from metal refineries (Mitchell, 1964).
The acetic acid-extractable vanadium in soils downwind
of metal refineries in England contained as much as 1
ppm vanadium as compared to 0.2 ppm extractable vana-
dium in protected soils.

As fuel oils are desulfurized, the vanadium content is
lowered, suggesting that this source may be reduced in
the future. With the present level of vanadium released
by human activity, and the relative nontoxicity of vana-
dium, it does not appear at this time that vanadium
pollution is a significant hazard to human health.

ANALYTICAL METHODOLOGY

Until recently, vanadium analysis was mainly confined to
geological and toxicological samples that contained sev-
eral parts per million. Because vanadium has been estab-
lished as an essential element in laboratory animals,
analysis of biological samples containing a few parts per
billion has become necessary. Accurate techniques such
as colorimetry and emission spectrometry have been used
for many years for the analysis of vanadium at levels
above a few parts per million. Much more sensitive and
accurate methods such as neutron-activation analysis and
the catalytic method (Welch and Allaway, 1972) have
been developed recently for the analysis of vanadium in
biological samples down to levels of a few parts per
billion.

Although cheaper, more accurate, and more sensitive

h @ 180-560 ppm + =9 (usas)

FIGURE 17 Vanadium concentrations in the ash of Spanish moss samples throughout its occurrence in the southeastern United States

(Shacklette and Connor, 1973).
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methods are still needed, standardization of sampling
techniques, analytical techniques, and laboratory meth-
odology are needed more urgently. The analytical data in
this report are in many cases questionable and difficult to
interpret because of the lack of such standardization or
the inability to detect vanadium at the parts-per-billion
level. :

PLANTS—UPTAKE AND ESSENTIALITY

Beneficial effects of vanadium for the growth of three
genera of one-celled plants have been reported. Armon
and Wessel (1953) found that vanadium stimulated the
growth of the alga Scenedesmus obliquus. Bertrand (1942)
showed that as little as 0.0043 ppm vanadium in the
nutrient solution produced a 21 percent increase in
weight of Aspergillus niger, and Homer et al. (1942)
reported that vanadium accelerates nitrogen fixation by
Azotobacter.

Vanadium is a specific catalyst of nitrogen fixation, and it
can partially replace molybdenum in this function. Pres-
ent evidence suggests that this effect results from vana-
dium incorporation into the nitrogenase complex with
consequent stabilization of the enzyme and more effec-
tive utilization of molybdenum in molybdenum-starved
cells (Benemann et al., 1972).

Welch and Huffman (1973) have investigated the essen-
tiality of vanadium in higher plants by growing lettuce
and tomato plants in purified nutrient solutions (< 0.04
ppb vanadium) with and without the addition of 50 ppb
vanadium as NH,VO,. No visible deficiency symptoms
attributable to vanadium deficiency developed, nor was
there a significant increase in yield with added vanadium.
The tops of the lettuce plants contained < 2-18 ppb
vanadium when grown in the purified solutions, and the
tops of the tomato plants contained 117418 ppb when
grown in the solutions containing added 50 ppb vana-
dium. Greater concentrations were observed in the
roots. If, indeed, vanadium is essential to higher plants
such as lettuce and tomato, the amount of available vana-
dium required in the growth media appears to be < 0.04
ppb.
Although small amounts of vanadium appear to be
stimulating to some plants, large amounts are toxic.
Gericke and von Rennenkampff (1940) show that 0.1-1.0
ppm vanadium is favorable and 10-1,250 ppm is toxic,
depending on the chemical form in which vanadium was
added to soil and on the tolerance of the particular
species. Pratt (1966) found vanadium to be toxic to certain
plants grown in solution culture at levels of 0.5 ppm
vanadium (as NH,VO;) in the nutrient solution.

Warington (1957) reported that elevated vanadium
caused a preliminary deepening of color in the shoots of
soybean and flax plants, followed by apical iron-
deficiency chlorosis. Because reddening in plants had
been observed around the uranium-vanadium deposits in
Utah and Colorado, Cannon (1963) ran experiments with
sorghum and Astragalus preussi (a selenium-
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accumulating legume) in nutrient solutions containing 1,
10, and 100 ppm vanadium as ammonium metavanadate.
No effect was noted in the growth of germinated seeds of
sorghum at 1 ppm; reddening, first of the lower stems and
later of the leaf tips, was noted at 10 ppm, and stunting
and death occurred after 2 weeks in 100 ppm solution.
Astragalus preussi, which is highly tolerant of vanadium
around uranium-vanadium deposits, was, on the other
hand, unaffected by 100 ppm and grew 20-in. roots in 6
weeks’ time.

Analyses of trees and shrubs, forage, and edible plants
from soils of “normal” vanadium content, as collected
from the literature and from unpublished sources, are
shown in Table 29.

Vanadium in plants varies among the different parts of a
plant, at different soil depths, and with the seasons. Vana-
dium content is generally greater in roots (particularly in
legumes) than in the aerial parts of the plant. Bertrand
(1942) found dry-weight values for vanadium ranging
from 0.152—4.2 ppm in the aerial parts, 0.1-12.14 ppm in
the roots, and 0.01-1.2 ppm in the seeds of 62 species.
Mitchell (1954) analyzed six species of moorland forage
growing on gneiss at four periods in three different years
and reported < 0.1 ppm vanadium in dry weight, except -
for Calluna (heather), which contained 0.8 ppm. Thirty-
five near-surface juniper roots collected in the Thompson
uranium-vanadium district in Utah (Cannon, 1964) aver-
aged 110 ppm vanadium in the ash; branch tips of the
same trees averaged only 55 ppm (ash wt). A peeled
juniper root collected from the ore zone at a depth of 9 ft
contained 2,200 ppm vanadium in the ash; the same root
near the surface contained only 78 ppm.

Parts of four trees [Populus tremuloides (aspen), Acer
glabrum (maple), Pinus ponderosa (pine), and Pseudo-
tsuga taxifolia (Douglas fir)] growing in forest soil over
unmineralized schist were sampled seasonally by the
U.S. Geological Survey. Vanadium was not detected in
any part of aspen at any season. A concentration of 8.9
ppm vanadium was found in the maple roots and 2 ppm in
the leaves during autumn, although none was detected in
these parts at other seasons or in other parts of the tree in
any season. Vanadium in Douglas fir and pine is given in
Table 30.

The lowest concentrations of vanadium in plants are
generally found in the seeds. Welch and Cary (1975)
found a range of < 6.5-16.2 ppb in several varieties of
wheat grain in six different parts of the country—at least
one order of magnitude lower than in other parts of the
plant (Table 31).

Great variation in vanadium uptake occurs among dif-
ferent plant species (Table 32). Séremark (1967), who
analyzed 10 samples each of 16 fruits and vegetables,
found parsley and radishes to contain considerably more
vanadium than other vegetables. He was scarcely able to
detect vanadium in pears, carrots, beets, or peas.

Plants collected from river alluvium, on which most of
the produce is grown in the southwestern states, contain
more vanadium than plants from residual soils of the
Southeast (H. L. Cannon, unpublished data). Séremark
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TABLE 29 Vanadium in Plants (dry weight)

Trees and Shrubs Forage Grasses and Herbs Vegetables and Fruits
No. Mean, Range, No. Mean, Range, No. Mean, Range,

Area and Source Samples ppm  ppm Samples ppm  ppm Samples ppm  ppm
Stockholm, Sweden

(Soremark, 1067) - — 160 043 <0.00001-4.52
Washington County, Maryland

(usGs unpub. data) 38 (tips) 1.3* <l1.3-128 42 039 0.1-09 o5 <20 <2-103
San Juan County, New Mexico

(uscs unpub. data) 100 (tips) 1.8 0.4-138 18 <08 <08-12 55 <10 <1021
Canandaigua, New York

(usGs unpub. data) —_ — 14 <84 <0.7-105
Pinal County, Arizona

(Sievers and Cannon, 1974) 4 (tips) 1.89 <1.6-2.7 5 1.3* <1.1-286 11 04 <02-1.1
Scotland (Mitchell, 1954) -_— 14 0.07 0.04-0.10 —
Georgia 339 (tips) 013 0.11-13 _ 315 <047 <0.35-158.8

(Shacklette et al., 1970) 339 (leaves) <0.36 <0.15-3.0
New Jersey

(Prince, 1857) — — 10 (corn) 060 0.37-1.05
New Jersey

(Hanna and Grant, 1962) 43 (leaves) 12 0.06-4.8 — —_

“Approximate values.

(1967) found lower contents in the same vegetables when
grown in New Hampshire and Rhode Island rather than
in Sweden. Mitchell et al. (1957) found no significant
difference in vanadium uptake between well-drained and
poorly drained soils, although concentrations in the roots
were not measured.

Vanadium-tolerant species may accumulate large
amounts of vanadium when grown in soils rich in avail-
able vanadium (Table 33). Bertrand (1943), who analyzed
many species of fungi, found Amanita muscaria (the
hallucinogenic mushroom) to be a true accumulator of
vanadium, ranging from 61 to 181 ppm in seven samples
collected from different areas.

The data in Table 32 suggest that vanadium concentra-
tions in most edible plants are very low compared to

TABLE 30 Vanadium Content of Plant Parts, Single
Samples Collected in the Fall (dry weight) Compared to
Soil (ppm)

Ponderosa Pine Douglas Fir
Young needles N.D.* N.D.*
Older needles 0.41 0.51
First-year twigs 0.46 0.42
Older twigs 0.96 0.55
Cones 5.0 2.9
Wood 0.65 0.40
Roots 1.2 2.0
Root bark 52 1.9
Soil

Humus layer 70

A zone 100

B zone 150
* N.D. = not detected.
souncE: H. L. Cannon, U.S. Geological Survey, unpublished data, 1972.

many other trace elements. [For additional information on
vanadium in foods, see Committee on Biologic Effects of
Atmospheric Pollutants, 1974.]

ANIMALS AND HUMANS

Nutritional Essentiality

Hopkins and Mohr (1971a) reported that vanadium is an
essential nutrient for animals in that a vanadium defi-
ciency significantly reduced wing- and tail-feather
growth in chicks consuming a diet containing less than 10
ppb vanadium. Reduced body growth has been reported
by Strasia (1971) and by Schwarz and Milne (1971) in rats
consuming diets low in vanadium. F. Nielsen (personal
communication) has made a similar observation in chicks
consuming a diet containing 30-35 ppb vanadium.
Underwood (1971) gives an excellent review of the earlier
literature.

The reproductive performance of rats consuming a diet
of less than 10 ppb vanadium was reduced slightly in
third-generation females and markedly reduced in the

TABLE 31 Concentrations of Vanadium in Wheat Grain
(dry weight)

No. of Median, Range,
Location varieties  ppb ppb
Bozeman, Montana 5 < 65 < 6582
Manhattan, Kansas 5 < 65 —
St. Paul, Minnesota 4 < 6.5 < 6.5-11.6
Denton, Texas 5 8.6 < 6.5-10.5
Temple, Texas 5 < 6.5 —
Bushland, Texas 3 10.9 9.4-16.2

SOURCE: Welch and Cary, 1975.
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TABLE 32 Vanadium in Some Fruits and Vegetables®
and in Various Parts of Some Common Pasture Species®

Mean Vanadium Content,
Plant Species ppm (dry weight)
Fruits and Vegetables®
Parsley 4.52
Radishes 1.26
Dill ' 0.84
Lettuce 0.58
Cucumbers 0.056
Wild strawberries 0.041
Strawberries 0.031
Red whortleberries 0.0102
Apples 0.0086
Potatoes 0.0064
Cauliflower 0.00109
Tomatoes 0.00053
Pears <0.00001
Carrots <0.00001
Common beets <0.00001
Peas, frozen <0.00001
Pasture Species®
Cocksfoot, head 0.11
leaf 0.23
stem 0.05
Meadow fescue,
head 0.06
leaf 0.22
stem 0.05
Perennial ryegrass,
head 0.07
leaf 0.27
stem 0.04
Timothy, head 0.09
leaf 0.16
stem 0.02
Red clover, head 0.17
leaf and petiole 0.27
stem 0.08

* SOURCE: Sovemark (1967).
* sounce: Fleming (1963).

fourth generation (Hopkins and Mohr, 1974). The five
vanadium-supplemented fourth-generation females pro-
duced five, four, and five litters following three matings,
while the five vanadium-deficient fourth-generation
females produced one litter following the first mating,
and three litters following the second. Two were preg-
nant upon autopsy following the third mating. The total
number of pups from vanadium-deficient females follow-
ing the first two matings was 22 as compared to 65
following the first two matings for the vanadium-
supplemented controls. Thirty-two percent mortality oc-
curred among the vanadium-deficient pups, whereas only
1.5 percent of the pups from supplemented mothers died.
In a second experiment with a different strain of rat
(BHE), similar results in reproduction and mortality were
obtained.

Strasia (1971) has reported that rats fed a diet contain-
ing less than 0.1 ppm vanadium had a significantly in-

Vanadium 103

creased packed cell volume of blood, and increased blood
and bone iron levels, when compared to groups receiving
0.5, 2.5, and 5 ppm supplemental vanadium.

Soremark et al. (1962) reported that the highest uptake
of subcutaneously injected radiovanadium in young rats
was found in areas of rapid mineralization in the dentine
and bone. Soremark and Ullberg (1962) reported that
radiovanadium injected into adult mice intravenously
was taken up by the teeth, bones, and fetus. The
mineralization zones of bones and teeth showed an espe-
cially high uptake. Although Underwood (1971) con-
cluded that the evidence for a beneficial effect of vana-
dium on dental caries was not conclusive, localization of
vanadium in the tooth structure supports the view that
this element might play a role in dental caries. Nielsen
and Ollerich (1973) found that the tibia in vanadium-
deficient chicks had an increased epiphyseal plate:pri-
mary spongiosa weight ratio. Histologically, an alteration
was seen in the organization of the cells, in the amount of
matrix in the zones of proliferation and maturation. This
deficiency neither significantly changed the hexosamine
levels, nor the uptake and distribution of 3*S0,*" in the
epiphyseal plate or primary spongiosa, indicating that
vanadium deficiency does not affect mucopolysaccharide
metabolism (Nielsen, personal communication).

Bernheim and Bernheim (1939) reported that added
vanadium increased markedly the oxidation of phos-
pholipids in vitro by washed liver suspensions. More
recently, numerous reports have been made that phar-
macological levels of vanadium lowered tissue choles-
terol levels (Underwood, 1971). Curran and Burch (1967)
were able to relate these lowered levels to the ability of
vanadium to inhibit cholesterol biosynthesis. Inhibition
takes place in squalene synthetase (a microsomal enzyme
system). Unfortunately, the ability of vanadium to lower
blood cholesterol was not observed in older animals or in
older humans where elevated cholesterol levels are a
health problem.

Altered blood-lipid levels were found in vanadium-
deficient chicks. Initially, it was reported that
vanadium-deficient chicks consuming a vanadium-
deficient diet for 4 weeks had lowered plasma cholesterol
levels when compared to the supplemented animals
(Hopkins and Mohr, 1971a). When a similar experiment
was continued for a longer time, the plasma cholesterol
levels of vanadium-deficient chicks again were signifi-
cantly lower than the supplemented controls at 28 days.
At 49 days, however, the plasma cholesterol from the
deficient chicks had become significantly higher (Hop-
kins and Mohr, 1971b). The average cholesterol values
were 249 and 224 mg/100 ml for the deficient and control
groups, respectively, at 49 days. Nielsen and Ollerich
(1973) have reported data that support the view that
vanadium-deficient chicks have altered plasma choles-
terol levels, but their observations indicate a significantly
increased cholesterol level at 4 weeks of age.

In addition to vanadium-related effects on plasma
cholesterol, Hopkins and Mohr (1974) found that
vanadium-deficient chicks had nearly twice the amount of
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TABLE 33 Unusually High Concentrations of Vanadium in Plants Grown in Soils Containing High Concentrations of

Vanadium (dry weight)
Species Plant Part Vanadium, ppm Area Source
Unmineralized ground
Carum (parsley) (10 samples) Aerial 4.5 Sweden Soremark, 1967
Amanita muscaria (mushroom) Cap 181 France Bertrand, 1943
Near vanadium deposits
Triticum aestivum (wheat) Aerial 5 United States Monier-Williams,
1950
Allium macropetalum
(wild onion) Entire 133 Utah Cannon, 1964
Oenothera caespitosa
(primrose) Aerial 38 New Mexico USGS, unpub.
Astragalus confertiflorus
(locoweed) Aerial 144 Utah Cannon, 1964
Astragalus preussi
(locoweed) Aerial 67 Utah Cannon, 1964
Aster venustus
(woody aster) Aerial 21 Utah Cannon, 1964
Castilleja angustifolia
(paintbrush) Aerial 37 Utah Cannon, 1964
Chrysothamnus viscidiflorus
(rabbitbrush) Branch tips 37 Utah Cannon, 1964
Eriogonum inflatum
(desert trumpet) Aerial 15 Utah Cannon, 1964
Lepidium montanum
(pepperweed) Aerial 11 Utah Cannon, 1964
Mielichhoferia
(copper moss) Entire 154 Alaska Shacklette, 1967

plasma triglyceride (48.7 mg/100 ml) as did supplemented
controls (254 mg/100 ml) at 28 days of age. Although
there are some inconsistencies, it appears that vanadium
at both pharmacological and physiological levels eventu-
ally decreases blood-lipid levels.

The uptake of vanadium from the gastrointestinal tract
is restricted (Hopkins and Mohr, 1971a), and what is
taken up is for the most part rapidly excreted in the urine.
Most of the ingested vanadium is unabsorbed and ex-
creted in the feces. Vanadium does not appear to accumu-
late in the body to any appreciable extent.

Because of limited data, the vanadium level required
by an organism to maintain health can only be estimated
at this time. Work cited above indicates that the require-
ment may be somewhat greater than 100 ppb vanadium.

Berg (1966) reports that the toxicity of vanadium com-
pounds is greater with a purified diet than with a natural
diet, indicating that natural rations and diets tend to
reduce absorption so that a dietary level of over 100 ppb
vanadium may be in order.

If nutritional needs are at this or a slightly higher level,
then what vanadium levels are consumed from natural
feeds and foods? Soremark (1967) reported that milk gen-
erally contained less than 0.1 ppb on a wet-weight basis,
whereas liver, fish, and meat contained a few but not over
10 ppb. These limited data and those in Tables 29 and 32
show a wide variation in vanadium content, with many

feed and food ingredients containing levels of vanadium
far below the estimated dietary requirement of greater
than 100 ppb. Water sources were not taken into account
in these studies and would probably provide additional
available vanadium, at least in some areas of the United
States. If inadequate dietary vanadium is a problem, the
most probable effect would show up in lipid metabolism
in animals and man. Although not of practical importance
to the animal industry, it is conceivable that altered
blood-lipid levels in some individuals result from a vana-
dium deficiency. Obviously, much more accurate data
are needed before any firm conclusions can be drawn.
Enough data are available, however, to indicate that the
requirement level for vanadium and the levels in feeds
and foods do not appear to overlap to a degree that will
allow us to take for granted adequate vanadium nutrition.
The rough calculation that the requirement might be
greater than 100 ppb vanadium and that feed and food
levels are generally less than 100 ppb is not reassuring.

TOXICITY

Studies of the toxicity of vanadium in man show that this
element is relatively nontoxic orally. Dimond et al. (1963)
gave vanadium orally, as ammonium vanadyltartrate, to
six subjects for 6-10 weeks in amounts ranging from 4.5 to
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18 mg of vanadium a day with no toxic effects other than
some cramps and diarrhea at the larger dose levels.
Schroeder et al. (1963) fed patients 4.5 mg/day as the
oxytartarovanadate for 16 months with no signs of intoler-
ance. Toxicologic studies with rats (Franke and Moxon,
1937) and chicks (Romoser et al., 1961; Nelson et al.,
1962; Berg, 1963) show that, depending on the form and
type of diet, 13-35 ppm vanadium must be in the diet
before gross toxic effects are seen, such as depressed
growth and diarrhea. Higher levels (50-200 ppm) may
induce death.

Occasional cases of industrial toxicity have been re-
ported as a result of unprotected workers inhaling air-
borne vanadium in certain industries. Respiratory disor-
ders and eczematous skin lesions are the usual symptoms
seen. There is no evidence of vanadium-induced effects
on the health of individuals breathing air with increased
levels of vanadium, such as is found in some large indus-

trial cities.

RECOMMENDATIONS

From the evidence reviewed, there appears to be no
relation between vanadium intake from natural sources
and human disease, probably because of the relatively
low toxicity of vanadium when taken orally and the lack of
information concerning possible borderline nutritional
deficiency. Because of this lack of information, the follow-
ing recommendations are made:

1. Faster, cheaper, and more sensitive methods of vana-
dium analysis of biological samples at levels around 10
ppb must be found.

2. Determine what forms of vanadium are taken up by
plants from soil.

3. Determine accurately the vanadium levels in foods,
forage, and water.

4. Determine what forage and food plants accumulate
vanadium, and determine the bioavailability of vanadium
in water and foods.

5. Determine the metabolic role of vanadium in ani-
mals.

6. Determine the essentiality and quantitative re-
quirement for vanadium in humans.

7. Determine the role, if any, of vanadium deficiency
in human diseases such as cardiovascular disease, includ-
ing whether the “hard-water effect” that is inversely cor-
related with cardiovascular diseases may be due to the
vanadium content of the drinking water.

8. Determine whether areas of deficiency exist in the
United States that can be correlated with disease patterns.
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PART TWO

Geochemical
Environment

and Man

Before being able to look at the relationship between the geochemical
environment and human health and disease with much more confidence
than at present, we need to know more about such problem areas as the
nature and significance of soil imbalances and interactions between trace
elements. If an imbalance occurs on agricultural soils, it can result in
potentially harmful levels of toxic elements being supplied through the
food chain. One major aspect of the imbalance problem (as well as many
others) is the complex nature of the interactions capable of occurring
between trace elements, under various conditions. The need for greater
understanding of this critical topic is clearly indicated.

In evaluating the relationships of the geochemical environment to health
and disease, we must search for and study specific population groups
whose selection will eliminate as many variables as possible. The avail-
ability of such groups is illustrated by the studies underway by the World
Health Organization, the U.S. Geological Survey, and the University of
Missouri. An example of a closely contained and genetically homogeneous
population group available in the United States is given in the discussion
of disease patterns of southwestern Indian groups that have experienced
limited environmental variability yet show differences in health and dis-
ease patterns.

One of the most effective ways to discern relationships between the
geochemical environment and health and disease is to examine the appro-
priate data in map form. This clearly identifies spatial correlations that
may indicate cause—effect relationships. Special consideration has there-
fore been given to the problems involved in displaying data in map form.

Throughout the following discussions a common theme is woven: the
need for a standardized method of presenting analytical data that will
facilitate both its interpretation and its comparison with data presented
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by other investigators. This is especially pertinent when the goal is to
show the possible relationships of geochemical data to health and disease
patterns. Studies of these types must obviously be geographical in nature
and ignore political subdivision boundaries. Similarly, common units must
be used in reporting analytical data if we are to be able to compare the
results of various studies; for example, agreement on the use of dry-weight
versus wet-weight determinations must be made. Furthermore, analytical
procedures must be standardized if our data are to be truly comparable.

A significant outgrowth of the Workshop is the development of a plan
for the establishment of a National Environmental Specimen Index System,
which will provide a means of access to environmental samples, ensure
their future availability for retrospective studies, and aid in the estab-
lishment of standardized analytical procedures.


http://www.nap.edu/catalog.php?record_id=19929

Interactions of
Trace Elements
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Orville A. Levander, Gennard Matrone, Harold H. Sandstead

INTERACTIONS IN SOILS AND PLANTS

In general, interactions among elements in the soil-plant
system are of two types: those that affect the solubility or
stability of specific elements in the soil and those involv-
ing processes at the root surfaces or inside the roots and
aerial parts of the plants.

The first type includes precipitation reactions in which
ions of two or more elements combine to form a com-
pound so insoluble that neither element is available to
plants. A good example of this type of interaction is the
formation of calcium fluoride (CaF;) in soils. In other
cases, an element, usually a cation, may be tightly bound
in an absorption site on an inorganic soil particle or
organic material. Nutrient elements bound in this way are
generally of low availability to plants.

Many of the interactions among trace elements in soils
are strongly affected by the soil pH. Acid soils frequently
have high concentrations of iron, aluminum, and man-
ganese, and alkaline soils frequently have high levels of
calcium and carbonate.

The oxidation state of certain micronutrients may also
be affected by pH. At high pH, selenium tends to be
oxidized to selenate, which is soluble, whereas low pH
favors the formation of selenite or selenide, which are
much less soluble. A detailed description of the effects of
pH on micronutrient uptake by plants is given by
Hodgson (1963).

The second type of element interaction—processes at
root surfaces or inside plants—involves the uptake of
elements by roots and their translocation inside the plant.
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Interactions among elements are not the only factors
affecting these processes, however, and the genetics of
the plant exert a marked control over uptake or exclusion
and translocation within the plant. Epstein (1972) de-
scribes the mechanics of ion accumulation from growth
media, whether solution or soil.

The major process of ion accumulation by plant roots is
an energy-dependent, carrier-mediated, transfer of ions
from the external solution to a more concentrated solution
in the conducting cells of the roots. Passage through at
least one membrane is involved. One of the most common
interactions between ions in the uptake process stems
from competition between two different ionic species for
the same carrier molecules. The exact nature of the carrier
molecules and the bond between carrier and ion is largely
unknown.

Finally, a few of the interactions, involving some of the
elements studied at the Asilomar and Capon Springs
workshops, that may affect the nutritional quality of
plants are described below. These must be considered as
only a few examples of a very large number of potentially
important interactions.

The literature on trace element interactions in plants is
voluminous. The interactions of 34 different elements are
described by Chapman (1966); micronutrient interactions
have been reviewed by Olsen (1972).

Zinc—Phosphorus

Plants growing in soils high in available phosphorus are
often deficient in zinc, particularly in their top parts. An
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excellent review of the Zn~-PQ, interaction is provided
by Olsen (1972).

Zinc-Cadmium

Under certain conditions, a high level of available zinc in
the substrate will depress plant uptake of cadmium, and
the use of zinc-rich fertilizers may be useful in minimiz-
ing cadmium concentrations in plants. This interaction
has been investigated by Lagerwerff and Specht (1971).

Fluorine-Calcium-Aluminum

Large amounts of fluorine have been added to soils as
accessory components of phosphate fertilizers without
any observable damage to plants and with only a slight
increase in the fluorine concentration in the plants. This
probably reflects the formation of insoluble CaF; or in-
soluble aluminum fluorosilicates in the soil. Soil reac-
tions affecting the uptake of fluorine by plants are re-
viewed by Brewer (1966).

Molybdenum-Soil pH

Most soils in the United States that support
molybdenum-deficient plants are acidic soils. Liming
soils appear to correct molybdenum deficiency in plants.
Soils in the United States that support plants with molyb-
denum concentrations so high as to cause molybdenum
toxicity in animals tend to be wet, neutral, or alkaline and
are generally high in organic matter. Well-drained soils
formed on molybdenum-rich rocks do not in general in-
duce high concentrations of molybdenum in plants. The
relation of molybdenum toxicity in livestock to soil
chemistry is described by Kubota and Allaway (1972).

Nickel-Iron

The effect of the nickel-iron interaction on plant growth
has been studied primarily in an attempt to improve plant
growth on nickel-rich soils formed on serpentine rocks.
High levels of available nickel in the substrate can result
in chlorotic leaves, but this effect can be reversed by
raising the level of available iron. This interaction, which
is probably an interference by nickel of iron metabolism
in the plant, is summarized by Crooke (1955).

Selenium-Sulfur

Although early investigations of selenium toxicity—
experiments conducted under greenhouse conditions—
indicated that the addition of soluble sulfate to soils
would decrease plant uptake of selenium, attempts to use
this interaction to prevent selenium toxicity in animals
have not been successful in field trials. In fact, soils in the
United States that support selenium-toxic plants nearly
always are naturally high in soluble sulfates. The addition
of sulfur-containing fertilizers to soils that produce plants
with very low concentrations of selenium may cause even

lower levels of plant selenium. Some investigators have
concluded that use of sulfur-containing fertilizers in some
areas has tended to increase the incidence of selenium-
deficiency diseases in livestock. Literature on
selenium-sulfur interactions in soils and plants has been
reviewed by Allaway (1970).

INTERACTIONS IN HUMANS

The importance of element interaction in plant or animal
metabolism has been apparent to nutritionists for many
years. The potential importance in human health is now
receiving increased attention, although specific knowl-
edge relating to humans is limited. Studies of experimen-
tal animals have shown that magnesium metabolism is
intimately linked to potassium and calcium metabolism
(Grace and O’Dell, 1970a,b). These observations support
findings in experimental and naturally occurring mag-
nesium deficiency in humans (Shils, 1969; Seelig, 1971);
such deficiency may interfere with potassium and cal-
cium homeostasis. Clinical equivalents have been noted
in patients with intestinal malabsorption syndrome and/or
protein—calorie malnutrition. Less well appreciated is the
relationship involved in thiazide diuretic-induced potas-
sium and magnesium depletion. Resistant hypokalemia
(deficiency of potassium in the blood) and the associated
increased sensitivity to digitalis that occur in some pa-
tients have been found to be responsive to therapy with
magnesium (see Chapter I1I). Magnesium depletion and
associated abnormalities of potassium homeostasis have
also been noted in patients with alcoholic liver disease.
The potassium loss consequent upon severe mag-
nesium deprivation is thought to reflect magnesium’s
interaction with phosphate in the energy-dependent
mechanism that maintains intracellular concentrations of
potassium and sodium (Grace and O’Dell, 1970b).
Alterations in calcium homeostasis in magnesium-
deficient humans are less well understood. The role of
magnesium in the metabolism of parathyroid hormone,
calcitonin, and 1,25-dihydroxycholecalciferol (a metabo-
lite of vitamin D,) is incompletely understood (Seelig,
1971), although these hormones may have a similar influ-
ence on magnesium metabolism to that which they have
on calcium. In general, serum calcium concentrations
decrease in human magnesium deficiency, probably be-
cause a magnesium deficiency inhibits the release of
parathyroid hormone by the parathyroid gland.
Interactions between magnesium and phosphate at the
cellular level have been documented in vitro (Wacker,
1969). Magnesium and phosphate also interact in the
intestinal milieu in the presence of fat to form insoluble
precipitates that are excreted in the stool. This in-
traluminal interaction of magnesium, phosphate, and fat
is important in patients with malabsorption of fat and
appears to be a major cause of magnesium deficiency in
such patients.
Another example of an interaction between magnesium
and calcium is the experimental prevention, by mag-
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nesium, of oxalate stones in rats with oxaluria due to
vitamin Bg deficiency (Gershoff and Andrus, 1961). Such
studies and those of others (Anonymous, 1966) have
prompted limited clinical trials, using magnesium
therapy, to prevent stone formation in humans with some
success; see also Prien and Gershoff (1974). Other ele-
ments that appear to interact in humans or animals in-
clude iron, copper, zinc, manganese, strontium, fluorine,
iodine, cadmium, lead, mercury, chromium, selenium,
vanadium, arsenic, cobalt, lithium, and molybdenum.
Copper has long been known to be essential for the
metabolism of iron in experimental animals (Seelig,
1972). A similar relation has been shown to be present in
humans through the studies of infants with dietary copper
deficiency (Cordano et al., 1964). Such infants demon-
strate impaired iron utlhmt:lon hypochromi(, microcytic
anemia, and leukopenia.

It has been suggested that, as a consequenc,e of its
presence in the ferroxidase enzyme, ceruloplasmin, cop-
per may participate in the binding of iron in the plasma to
transferrin. Iron (Fe**), when released from tissue stores
to the plasma and oxidized to Fe®*, by ferroxidase, can
complex with transferrin (Frieden, 1970). Transferrin
transports the iron to the hematopoietic tissues or to other
storage locations.

Copper and zinc interact in rats, in that a decreased
intake of copper relative to zinc results in an increased
level of serum cholesterol (Klevay, 1973). Epidemiologic
evidence suggests that a similar phenomenon occurs in
man (Klevay, 1975).

Observations in experimental animals have prompted
the hypothesis that molybdenum plays a role in iron
metabolism (Seelig, 1972). Molybdenum in xanthine
oxidase (a2 molybdoflavin enzyme involved in electron
transport) may participate in the reduction of ferritin—
Fe** to ferritin-Fe**. It has been proposed that the Fe?* is
then released from the tissues to the plasma (Seelig,
1972). This interrelationship is at present unproven in
vivo, and some of the reported studies appear to be in
conflict.

Iron may also interact with certain clays in the alkaline
intestinal milieu. Through cation exchange, the iron is
bound to the clay and is thus rendered unavailable for
intestinal absorption. This phenomenon appears to be
clincially important in Turkey (Minnich et al., 1968) and
Iran (Halsted, 1968), where iron deficiency anemia as-
sociated with geophagia is common.

Dietary zinc may also exchange with the cations of
ingested clay and thus become unavailable for intestinal
absorption. Although this phenomenon has been studied
in less detail than the absorption of iron, it is thought to be
a factor in the pathogenesis of the zinc-responsive dwarf-
ism that occurs among Iranian village children (Halsted,
1968).

Zinc can also interact with calcium and phytate in
alkaline media to form an insoluble complex (O’Dell,
1969). The formation of this complex is thought to be one
of the etiologic factors in the genesis of the zinc-
responsive dwarfism (Sandstead et al., 1967) that, accord-
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ing to Reinhold et al. (1976), occurs in populations sub-
sisting on high-fiber unleavened bread prepared from
low-extraction wheat flour. (Low extraction is when less
of the wheat berry is made into flour; 70 percent is low, 85
percent is high.) A second phenomenon that appears to
impair the intestinal absorption of zinc is the formation of
an insoluble complex between plant fiber and zinc. In
contrast to its adverse effects on zinc absorption in the
presence of phytate, calcium apparently will prevent the
inhibitory effect of phytate on iron absorption. This is
thought to occur through a competition between calcium
and iron for binding sites on the phytate molecule (Apte
and Venkatachalam, 1962; Haghshenass et al., 1972).

Zinc-responsive growth failure also can occur in young
individuals with intestinal malabsorption syndrome
(Caggiano et al., 1969; Sandstead et al., 1976). The forma-
tion of an insoluble complex by zinc, phosphate, and fat in
the alkaline environment of the small intestine is thought
to account in part for zinc deficiences in such individuals.

Unconfirmed autopsy studies suggest there may be a
competitive interaction between zinc and cadmium in
humans (Voors et al., 1973), such as that found in experi-
mental animals (Friberg et al., 1971), which indicates that
zinc will protect animals from some of the toxic effects of
cadmium. The studies by Voors et al. (1973) suggest an
increase in the ratio of cadmium to zinc can result in
injury to the renal cortex or to arterial walls, possibly
resulting in hypertension and atherosclerosis.

The interaction of strontium, calcium, and phosphate in
humans is of significance because of the presence of ®Sr
in the environment. In general, calcium absorption,
excretion, and bone deposition is favored over that of
strontium. However, in contrast to calcium, the move-
ment of strontium through the body is apparently not
homeostatically controlled. Instead, strontium uptake and
retention appears to reflect the strontium:calcium ratio in
the diet (Comar and Wasserman, 1970). Interactions be-
tween calcium and strontium are discussed in more detail
in Chapter VII.

Fluorine interacts with calcium and phosphate in bone
tissue and teeth (Shaw, 1967). The beneficial interaction
of fluorine, calcium, and phosphate in growing teeth (i.e.,
caries resistance), when fluorine concentrations in drink-
ing water are approximately 1.0-1.5 ppm, has been exten-
sively documented. At concentrations of 2-4 ppm
fluorine, chalky white discoloration and mottling of the
teeth occur, although such teeth are also quite resistant to
caries. Individuals consuming water with 4.0-5.8 ppm
fluorine have been shown to have a lower incidence of
degenerative bone disease (osteoporosis). Severe
pathologic abnormalities may occur when fluoride con-
centrations in drinking water exceed 8-10 ppm, such as
osteosclerosis, calcification of tendons and ligaments, de-
forming arthritis, myelopathies, and renal failure (Singh
et al., 1963).

An indirect interaction between lead and iodine has
been observed both in experimental animals (Sandstead,
1967) and humans (Sandstead et al., 1969). Lead has been
shown to impair the uptake of iodine by the thyroid gland,
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and, in animals, to decrease the in vivo protein binding of
iodine. The significance of this phenomenon in human
health is unknown. Also, lead inhibits the activity of
8-amino-levulinate-dehydratase, a zinc-dependent en-
zyme (Finelli et al., 1974).

Selenium appears to protect against the lethal effects of
mercuric chloride (Groth et al., 1973) and methylmercury
(Ganther et al., 1973) in animals. It appears that the
presence of selenium in fish that are at the end of a food
chain, and thus accumulate methylmercury, tends to pro-
tect individuals who consume the fish from the toxic
effects of methylmercury.

An interaction of lithium, sodium, and potassium ap-
pears to occur in the nervous system on the basis of in
vitro physiological studies. Lithium can apparently com-
pete with potassium for certain enzyme sites (Schou,
1957).

RECOMMENDATIONS FOR RESEARCH

1. Metabolic studies in humans to assess the interac-
tions mentioned here in detail.

2. Metabolic studies in humans to evaluate other po-
tential interactions that have been suggested by research
on other animals and plants.

3. Research priorities for element interactions will de-
pend in large measure upon geographical location. Some
examples could be:

® the relation of selenium to mercury

e the effect of the zinc:copper ratio

@ the zinc—cadmium interaction

@ the effect of alkaline soils upon trace element avail-
ability

@ the interference with iodine assimilation by cal-
cium

4. In broader context, the multiple interrelationships
suggested between water hardness and cardiovascular
disorders, renal calculi, and other health problems are
worthy of careful study. Accordingly, the Subcommittee
has initiated the following panel studies: the Panel on the
Geochemistry of Water in Relation to Cardiovascular
Disease, the Panel on the Geochemical Environment and
Urolithiasis, the Panel on Aging and the Geochemical
Environment, and the Panel on the Trace Element
Geochemistry of Coal Resource Development Related to
Health.
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X1

Consequences of Soil
Imbalances

JOE KUBOTA, Chairman

Kenneth C. Beeson, Thomas D. Hinesly, Everett A. Jenne,
Willard L. Lindsay, Perry R. Stout

An ideal balance of plant nutrients for each plant species
does not exist and is not required in nature, for each plant
species has a mechanism that regulates the absorption
and uptake of those nutrients necessary for its growth and
reproduction. Thus legumes have a high requirement for
calcium and, consequently, a high concentration of that
element in their tissue. On seleniferous soils certain
species of Astragalus can take up large quantities of
selenium, while native grasses accumulate only traces of
the element (Beath et al., 1934). Other plants may
accumulate cobalt or zinc (Beeson et al., 1955), barium
(Robinson et al., 1938), or many of the heavy metals
important to man (Cannon, 1955) from soils in which
these elements are very low. The selective uptake that
accumulator plants exhibit can pose special
situations—not related to soil imbalances—some
favorable and some unfavorable to the animal or man.
For most plant species grown for food or feed, the ratio
or balance of the nutrient elements is not critical until an
aberrant supply of one or more nutrients occurs. For
example, a low supply of one of the nutrients (Ca, P, Mg,
N, Fe, Zn, B, Cu, Mn, or Mo) may result in a chlorotic
plant, a poor yield, or no yield at all. A toxic supply of an
element (Na, Ni, Cr, B, Al, Zn, or Mn) may retard the
growth or eliminate entirely certain species of plants as
occurs on the Conowingo Barrens, Maryland (McMurtrey
and Robinson, 1938). Antagonistic or synergistic
interactions among the elements (Ca-Mg, P-Cu, P-Zn,
Fe-several heavy metals, S-Se, and B-Ca) may have
important effects on the growth of certain plant species.
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There are many soil properties that may modify the
availability of the nutrient elements to plants. An
important example is soil acidity. A low pH may enhance
the availability of iron or manganese but limit that of
selenium or molybdenum. In alkaline soils, the reverse is
true. Organic matter may promote the uptake of iron but
retard the uptake of copper. Phosphorus is less available
in alkaline, arid soils than in moist soils.

Reviews of various aspects of micronutrient element
movement to plants, mechanisms, and mineral
interactions that affect their uptake by plants, and their
translocation within plants, are available (Dinauer, 1972).

NATURAL IMBALANCES THAT AFFECT
CROP PRODUCION AND QUALITY

In the United States, the areas of otherwise arable soils,
where naturally occurring element imbalances result in
toxicity and retarded growth of plants, are not very large.
Staker and Cummings (1941) reported that excessive con-
centrations of zinc in certain New York peats were re-
sponsible for poor growth and quality of several vegeta-
bles. Cannon (1955, 1969) reported that, in addition to
zinc, relatively large concentrations of lead and cadmium
occurred in these peats.

Soils developed on serpentine rock in Oregon contain
toxic quantities of nickel and chromium (Cannon, 1969),
and it has long been known that the infertility of the soils
of the Conowingo Barrens, Maryland—also developed on
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serpentine rock—is due to the high levels of available
chromium and nickel in those soils (McMurtrey and
Robinson, 1938). Cannon (1969) has noted numerous
minor areas in the United States where the soils contain
above-average quantities of chromium, nickel, titanium,
lead, copper, vanadium, lithium, and molybdenum.
Neither high levels of selenium (Beeson, 1961) nor
molybdenum (Kubota et al., 1961) in arable soils appears
to have any adverse effects on the growth or appearance
of malnutrition in crops. In nutrient solutions, however,
Hurd-Karrer (1934) reported that selenium was toxic to
wheat plants if no sulfur was present in the media.

Imbalances due to a lower than normal supply of one or
more nutrient elements in the soil are, of course, quite
common in arable soils throughout the world. Such de-
ficiencies may limit only the yield of the crop, or they may
result in an abnormal appearance typical of a particular
deficiency. However, a subnormal yield or growth of a
normal-appearing plant is not necessarily an indication of
a poor nutritional quality. In fact, one limiting nutrient
may result in a plant taking up and storing other nutrient
elements in abundance. For example, the concentration
of iron in plants grown with adequate phosphorus or
nitrogen may be lower than in plants grown in a less-
fertile soil. This is known as the dilution effect (Beeson et
al., 1948). The concentrations of all nutrient elements in
the plant fluctuate in a more or less normal range. As the
lower level of that range for one nutrient element is
reached, the growth of the plant is retarded while the
uptake of other nutrients continues. For the same reason,
the addition of a plant nutrient to a soil, where a low
supply of the nutrient is limiting growth, may not result in
an increase in the concentration of that element in the
plant until a level in excess of the plant’s need is reached
in the soil or a deficiency of some other nutrient occurs.

Micronutrient element deficiencies or toxicities—or
imbalances—often have geographical distribution pat-
terns (Beeson, 1945; Berger, 1972; Kubota and Allaway,
1972) that also reflect the distribution of certain soils and
their capabilities for crop production. Hence, more in-
formation about trace elements is generally available
where nutritional imbalances occur than where they do
not.

IMBALANCES THAT AFFECT THE
NUTRITIVE QUALITY OF CROPS

Some of the essential micronutrients required by plants
include manganese, iron, copper, zinc, and boron. Pro-
vided that the diet of man or animals is composed of plant
sources recognized as containing adequate quantities of
these elements, there need not be great concern. How-
ever, nutritionally important differences are seen. For
example, Kentucky bluegrass (Poa pratensis L.) has
adequate copper as compared to Para grass (Panicum
barbinode Trin.) (Beeson et al., 1947). Growing in the
same soil, the latter grass may fail to supply sufficient
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copper for the animal, while bluegrass will supply an
ample quantity.

Plants serve as a buffering mechanism in the food
chain, particularly to excessive movement of many trace
elements, such as lead, cadmium, and mercury, to the
human food supply. The selectivity and tolerance of
plants for other trace elements not required—selenium,
cobalt, iodine, and fluorine—may result, however, in a
serious imbalance of the micronutrients required in the
diet by man and animals.

Imbalances of selenium in the soil clearly demonstrate
that an element—not required by the plant—can affect
animals, and possibly man, in two ways: (a) through an
excess in the plant resulting in a toxicity in the animal or
(b) through a very low concentration in the plant and
failure to supply the needs of the animal. Areas of high
levels of available selenium have long been recognized
(Lakin, 1961; Beeson, 1961), while more recent studies
have identified the low or deficient areas of soils and of
alfalfa growing thereon (Kubota et al., 1967). In general,
the highly leached soils of eastern, northeastern, and far
northwestern regions of the United States are the low-
selenium areas, while the alkaline soils of the Great
Plains and southwestern United States have ample to
toxic supplies of available selenium.

Cobalt, like selenium and iodine, has no direct effect
on plant growth (Beeson, 1950), but the plant is the prin-
cipal source of the element for the ruminant animal.
Hence, a low concentration of available cobalt in the soil
results in an imbalance in the plant of nutrients that are
required by the animal. Areas of cobalt deficiency in
forages have been determined by Kubota (1968).

Iodine imbalances, the first of those recognized in the
nutrient supply of elements for man and animals, may not
be directly related to the supply of the element in the soil
or its parent rock since a principal primary source of
iodine is that carried inland by moisture from the seas
(Vought et al., 1970). Imbalances of both iodine and
fluorine with respect to both man and animals are also
clearly related to the supplies in water (Underwood,
1971; Shacklette and Cuthbert, 1967).

MAN-CAUSED IMBALANCES IN SOILS

The problems associated with the disposal of municipal
effluents and sludges by utilizing them as sources of plant
nutrients and soil moisture have been a continuing sub-
ject of study as evidenced by the appearance of over 50
papers in the last several years. The principal concern of
agronomists and environmentalists is the high probability
that land disposal of large quantities of sewage sludge on
some soils may result in heavy contamination of not only
the soil but also the groundwaters with potentially toxic
elements. In a recent study, Bradford and his co-workers
(1975) reported that vegetable crops took up excessive
quantities of copper, molybdenum, nickel, cobalt, lead,
and cadmium from an extract of municipal sludge applied
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to sand cultures in the greenhouse. Reduced yields and
problems of phytotoxicity occur (Cunningham et al.,
1975; Kirkham, 1975; Lu et al., 1975). These reports and
others in the literature clearly point to the need, however,
for more information on the range of concentrations of the
potentially toxic elements in the edible portion of crops
where normal yields are obtained from the application of
contaminated waste materials to soils.

Surface strip mine activities may create soil imbalance
problems that are reflected in plants grown on reclaimed
land. The immediate concem is the rapid establish-
ment of vegetative cover so that surface erosion and
stream pollution are minimized. Long-term objectives are
the ultimate retum of the land to productive use through
the reclamation process. Thus, in the western United
States, surface enrichment of an element like selenium
may result when underlying coal-bearing Tertiary rocks
are overtumed in mining operations and become media
for plant growth. Some rocks of Tertiary age have been
found to be high in selenium (Lakin, 1961), and such
material if returned to the land surface may be a source of
selenium in readily available forms for plant uptake.
Selenium accumulator plants are native to the area, and
their invasion on reclaimed mine spoils would accentuate
the impact of readily available selenium. The importance
to agriculture—and particularly to food production—of
the recovery of mine wastes has yet to be evaluated.

Practices for increasing crop yields can be important
factors in creating imbalances. The removal of topsoil to
facilitate gravity irrigation may expose subsoils that are
low in available zinc (Grunes et al., 1961). The applica-
tion of phosphate fertilizer or other nutrients under an
intensive agriculture can create an imbalance with the
micronutrients if proper supplementation is not included
with them in the fertilizer program.

An interesting effect of heavy application of phosphates
to tobacco soils that might be associated with lung cancer
has been suggested by Martell (1975). Many phosphate
rocks are good sources of uranium, hence 22¢Ra. It appears
that 22*Rn is present in the gasecus phase of tobacco soils
and is adsorbed on the trichoma of the tobacco leaf. When
the leaf used as smoking tobacco is ignited, the high
temperature results in the formation of insoluble smoke
particles containing 2!%Po in the particulate matter of the
smoke, which settles on the bronchial tissue of the lung.

SUMMARY

Naturally occurring soil imbalances of the mineral
elements—both nutrient elements and other available
elements—are readily recognized in relation to subnor-
mal yields and the appearance of toxicity or deficiency
symptoms in plants. These problems are resolved through
adjustments in the balance of nutrients in the soil to meet
the specific needs of a plant species. Where this is not
feasible or economical, a crop suited or tolerant to a
particular imbalance can be substituted.

An imbalance of mineral elements can occur for both

man and animals when an essential nutrient not required
by a food plant is in poor supply in the soil, or in those
situations where a plant can take up and tolerate in its
tissue a high concentration of an element that may be
toxic to man or animals.

Man-caused imbalances in soils—in particular, heavy
metal toxicities arising from excessive applications of
sewage sludge, phosphate, or other fertilizers—must be
avoided, since the long-range effects may result in aban-
doning a soil for all crops sensitive to such elements.

The potentially dangerous effects of toxic elements in
normal appearing food crops are still to be evaluated.
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XII

Disease Patterns of
Southwestern Indians
in Relation to
Environmental Factors

MAURICE L. SIEVERS

Southwestern Indian tribes, because of their relative ge-
netic homogeneity and isolated environment (the vast
majority live on reservations), have for many years pro-
vided an unusual opportunity for the study of the effects
of various hereditary and environmental factors on dis-
ease prevalence, health, and longevity. Although these
tribes exhibit patterns of disease occurrence that are sig-
nificantly different from those in the non-Indian popula-
tion of the United States, the causes of this variation
remain undetermined.

At present, however, both the genetic and environmen-
tal conditions are changing rapidly, especially as they
involve outside cultural influences; intermarriage,
changed diets, moves to urban areas, jobs in industry, or
nontraditional living styles progressively impinge on res-
ervation life. Among the Pima tribe of the Gila River
Reservation in Arizona, for example, 93 percent of the
population 15 yr old or older is putatively of pure Indian
ancestry, whereas of those less than 15 yr old only 73
percent can make that claim. Thus the opportunities for
study of an isolated genetically homogeneous population
are rapidly diminishing and are increasingly confined to
members of the older generations.

One aspect of the altered disease patterns among
southwestern Indians that has not been adequately
studied, however, is the possibility that these patterns
may be related to the characteristics of local geochemical
environments. Because the effects of high or low intake of
some trace substances have now been established for
humans, a study of the potential involvement of such
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substances in reservation disease patterns might prove
fruitful. As a beginning, trace element analyses might be
made of reservation soil, vegetation, water, and
foodstuffs, as well as human tissues obtained at surgery or
autopsy (as proposed by the Brigham Young University
Environmental Center). These results could be evaluated
in terms of differing prevalences of diseases among the
southwestern tribes and between Indians and non-
Indians, or even between herds of cattle grazing on the
reservations.

Such a study should include consideration of the dis-
ease patterns discussed below. Only those conditions
have been included in which the frequency, distribution,
or manifestations differ significantly between southwest-
emn Indians and non-Indians (defined as all races in the
United States exclusive of American Indians). Table 34
summarizes these differences.

GASTRIC SECRETORY DISEASES

Full-blooded southwestern Indians have gastric car-
cinoma and pemnicious anemia at least as often as non-
Indians, but they have a markedly lower rate of peptic
ulcer (Sievers and Marquis, 1962b). Gastric ulcer occurs
1/9, and duodenal ulcer 1/73 as often as predicted (Siev-
ers, 1973). Southwestern Indians probably have
achlorhydria more frequently than either the white or
black racial groups (Sievers, 1966a, 1966b).
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TABLE 34 Frequency of Conditions in Southwestern Indian versus Non-Indian Populations®

Condition Athapascan® Piman®
Disbetes mellitus (%) (++++)
Obesity (%) to (+) (++++)
Myocardial infarction (-=)to(—=-) (-)to(--)
rate/100,000/yr (over age 40 yr) ;(02 149 [Framingham: 450]
Hypertension +) (-)
Serum cholesterol level, (=) to(==) (==)to(——=)
mean (mg/100 ml) 206 180
Alcohol drinking (heavy) (+++) to (++++) (+4) to (+++)
Cigarette smoking (===)to (~=—=) (==Y (——-)
Epidermoid lung carcinoma (———-) to (=) [Navajo uranium miners (———=)
= (%))
Biliary carcinoma (+4) to (+++) (+++4)
Cholelithiasis (++) to (+++) (++++)
Peptic ulcer (==)to(==-) {~==m)
Gastric carcinoma (%) (+)to (++)
Skeletal and dental fluorosis (%) to (++++) [Bylas Apache = (%) to (++++) [Gila Bend Papago =
(++++)] (++++)]
Congenital lesions (++) to (+++) () to (+)
Infectious diseases (esp. tuberculosis) (+ +; +) [(l;l;;rqjo - Whi]teri\rer Apache (++++) [Papago > Pima]
> San os Apache

*Comparstive frequency of "“wndouof&hmlﬂdl‘lﬂnoﬂnh,_,_nf‘ ican Indi lative to the preval rates for the noo-Indisn population of
the United States. Although there are many others, these are the two major south tribal grouping:
"Navajo and Apache tribes.
“Pima and Papago tribes.
KEY: Symbols are relative to rate in U.S. non-Indisn population. [
Grester than: (++++) very much Less than: (—--~) very much

(+++) much (---) muoch

(++) moderately (==} moderstely

(+) slightly (=) slightly

(%) approximately equal (2) approximately equal

Cholesterol gallstones develop at a far higher rate in
Indians than in non-Indians (Sievers and Marquis, 1962a;
Sievers, 1966b). The prevalence for Pimas is 75 percent of
women more than 25 yr old and 55 percent of men
over 45 yr of age (Sampliner et al., 1970). Current evi-
dence indicates that cholesterol gallstone formation re-
sults from production of bile supersaturated with choles-
terol relative to the solubilizing bile acids (Grundy et al.,
1972). A marked excretion of cholesterol in the bile occurs
among Indians (Grundy et al., 1972), although their
serum cholesterol levels are lower than those of the white
population (Sievers, 1966b, 1968a; Sampliner et al.,
1970).

CIRRHOSIS OF LIVER

Alcoholic (Laennec’s) cirrhosis of the liver is more preva-
lent, occurs at a younger age, and involves women more
often in southwestern Indians than in the U.S. white
population (Sievers, 1966b, 1968b). Similar proportions of
the Indians and whites drink alcohol, but the extent of
heavy drinking is greater for Indians (Sievers, 1968b).
Although some evidence suggests that alcohol may be

(Fenna et al., 1971), a recent study found no racial differ-
ences in the rate of ethanol metabolism and in liver
alcohol dehydrogenase (Bennion and Li, 1976).

DIABETES MELLITUS

The rate of diabetes mellitus varies considerably among
Indian tribes, although most southwestern tribes have a
much higher prevalence than whites. Observations at the
Phoenix Indian Medical Center (PIMC) reveal that 45
percent of adult Pimas are afflicted (Sievers, 1966b).
Population studies by Bennett et al. (1971) confirm the
extraordinary frequency of diabetes mellitus in Pima
Indians—the highest rate of occurrence ever reported,
and 10-15 times that for the general population.

ATHEROSCLEROSIS AND MYOCARDIAL
INFARCTION

Among all southwestern tribes, atherosclerosis is less
common than in whites (Sievers, 1966b, 1967; Reichen-
bach, 1967). Myocardial infarction occurs at a rate (86.8/
100,000) that is about a fourth of that expected (Sievers,
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1967) from experience with Caucasians aged 30 yr or
older (347.8/100,000) in the Framingham Study (Kannel
et al., 1961). Cigarette smoking (Sievers, 1968b) and
hypercholesterolemia (Sievers, 1968a) are infrequent in
southwestern Indians. The prevalence of myocardial in-
farction varies directly with the frequency of diabetes
mellitus and obesity among the tribes (Sievers, 1966b).

HYPERTENSION

There is a clinical impression that high blood pressure is
somewhat less frequent in many southwestemn tribes than
in non-Indians (Sievers, 1966b). A recent investigation by
Inglefinger and Bennett (personal communication, 1973)
compared results for Pima Indians with the Tecumseh
Study for the white population 30 or more yr of age
(Johnson et al., 1965). The Pimas had significantly lower
mean diastolic pressure overall, as well as lower mean
systolic pressure in the nondiabetics.

MALIGNANT NEOPLASMS

Although cancer of the lung is the most common malig-
nant neoplasm of the white population, bronchogenic
(epidermoid) carcinoma is rare in southwestern Indians,
except among uranium miners (Sievers, 1961, 1966b,
1972; Reichenbach, 1967). Cigarette smoking is in-
frequent and seldom extensive among these tribes (Siev-
ers, 1968b). Indeed, alveolar cell carcinoma of the lung,
which is not associated with smoking, occurs at the ex-
pected frequency (C. L. Self, personal communication,
1973). The breast is the site of most malignant lesions in
white women, but southwestern Indians have a relatively
low rate of breast cancer (Sievers, 1966b, 1972; Goldman
et al., 1972). A lower rate also exists for cancer of the
colon, but not for malignant lesions of the uterus or
stomach (Sievers, 1966b, 1972; Goldman et al., 1972).
Biliary carcinoma is much more frequent in southwestern
Indians than in whites (Sievers and Marquis, 1962a;
Sievers, 1966b, 1972; Goldman et al., 1972); leukemia
and Hodgkin's disease are less common, but multiple
myeloma is apparently more common (Sievers, 1972).

SKELETAL AND DENTAL FLUOROSIS

The water supply for several reservations has a high
fluoride concentration, and skeletal and dental fluorosis
oceur frequently (Morris, 1965; Sievers, 1966b, Goldman
et al., 1971, 1972). Usually, the deposition of excessive
fluoride in teeth and bones is of no clinical significance,
but one southwestern Indian has developed
radiculomyopathy as a result of extremely severe skeletal
fluorosis (Goldman et al., 1971). Fluorosis is exhibited
most often by the Papagos, but is noted only occasionally
among the genetically related Pimas (Morris, 1965), al-
though their reservations are less than 50 miles apart.

MISCELLANEOUS

Bronchial asthma is infrequent in southwestern Indians
(Sievers, 1966b). Congenital lesions occur often in many
tribes, particularly the Apache, Navajo, and Hopi (Siev-
ers, 1966b; Goldman et al., 1972). Albinism, polydac-
tylism, hereditary hemorrhagic telangiectasia, congenital
cardiovascular lesions, and dysplasia of the hip appear
frequently (Sievers, 1966b; Goldman et al., 1972). Most
American Indian tribes have a very high prevalence of
obesity. Among southwestern desert tribes, 65 percent of
women and 39 percent of men over 15 yr old exceed their
ideal weights by more than 25 percent (Sievers and Hen-
drikx, 1972). The Prima tribe has an especially high rate
of marked obesity. Infectious diseases occur frequently in
southwestern Indians; the prevalence of pulmonary
tuberculosis is particularly great among the Navajos and
Whiteriver Apaches (Sievers, 1966b).

"RECOMMENDATION

The Athapascan (Navajo/Apache) and Piman (Pima/
Papago) Indian tribes in the Southwest have, separately,
relative genetic homogeneity; they differ, both from the
general population and from each other, in the prevalence
of several diseases. Their reservations are relatively iso-
lated, and each has distinctive environmental characteris-
tics. These conditions offer a unique opportunity to inves-
tigate the potential effects of geochemical environment
on human health.

Therefore, a geochemical study should be conducted,
including comparisons of reservations of the Athapascans
and the Pimans, and adjacent analogous non-Indian or
nonreservation areas, through the use of extensive
analyses of selected trace substances in soil, water, vege-
tation, animals, diet (regardless of source), and human
tissues (hair, bone, soft tissue, organs) obtained by biopsy
or at autopsy.
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In June 1965, at the University of Missouri, a program was
begun that consisted of eight related studies concermed
with the effects of trace substances in the environment on
man, domestic and wild animals, fish, higher plants, and
microorganisms of the soil and water. This was an inter-
disciplinary study involving the participation of pediatri-
cians, pathologists, veterinarians, wildlife biologists,
geologists, soil scientists, plant scientists, chemists, sani-
tary engineers, geneticists, toxicologists, epidemiologists,
and statisticians. The first part of this report will deal only
with the human and animal aspects of the study, whereas
the latter part describes the geochemical survey of Mis-
souri that was carried out by scientists of the U.S. Geolog-
ical Survey who joined the study group in 1969.

HUMAN AND ANIMAL STUDIES

Progress has been made on the study of human birth
defects or congenital anomalies, particularly those mal-
formations not considered to be hereditary in nature, and
also with stillbirths. Progress has also been made on the
study of congenital anomalies and stillbirths in swine.
The hypothesis of this research was that the fetus is a
sensitive indicator of both toxic and deficient substances
in the environment and that either might well result in
increased rates of congenital malformations in humans or
swine and might also be responsible for increased rates of
stillbirths or fetal deaths, with the latter being considered
separately from live births. Research has also been fo-
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cused on chronic diseases in adults, with the general
hypothesis that geographic differences in age-specific
death rates for the chronic diseases are due to geographic
differences in trace substances and other environmental

factors.

Human Birth Defects

This study began with an examination of birth certificates
of children born to residents of the State of Missouri since
1946. The year 1946 was selected as the beginning date
because it immediately preceded the widespread use of
organic agricultural pesticides whose residues in foods
and water are primary suspects as causal agents of numer-
ous maladies in man, fish, and wildlife.

Data from these certificates were plotted on a map of
Missouri, with a dot representing the residence of the
mother of each malformed child; the map for 1968 is
shown in Figure 18. Large metropolitan areas (Kansas
City and St. Louis) were excluded from the plot, although
these areas were included in determining rates of birth
defects per thousand live births. Of particular concem
was the possible clustering of malformations in any area
of the state and the potential correlation of any such
clustering with a particular environmental factor (Silberg
et al., 1966).

The rate of total birth defects per thousand live births
for the period 1953 through 1964 ranged from 7 to 7.8,
with a mean of 7.4 (Silberg et al., 1966). The rates for the
years 1946 through 1952 were similar. In 1965 the rate
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FIGURE 18 A map of Missouri showing the distribution of
residences of mothers of 735 malformed children bom during
1968. Each dot represents a malformed child. The large met-
ropolitan areas of Kansas City and St. Louis are excluded. Clus-
ters tend to reflect the location of moderate-sized cities.

increased to 9.09 and has continued to be between 9 and
10 since. The reason for the increase in rate has not been
determined. However, since about 1965, teenage mothers
have become more numerous, and mothers under 19 or
over 35 yr of age are more likely to give birth to children
with congenital anomalies. The most common types of
birth defects that have been reported are impaired hear-
ing, blindness, clubfoot, heart ailment, spinal deformity,
cleft palate, cleft lip, hernia, mongolism, and dislocated
hip.

Swine Birth Defects

Birth defects in swine were also studied. The reason for
studying swine was that the large number of animals in
the state could be compared to human population in rural
areas. We suspected that pathological defects were simi-
lar (we now know this to be true), and many physiological
functions of swine are similar to the same functions in
man. Care is needed during pregnancy, and swine are
more closely related to the local environment than are
humans.

A pilot study in one county (Nodaway) was conducted
between June 1, 1966 and May 31, 1967, covering two
farrowing periods (Selby et al., 1971a). A postcard report-
ing form was developed, and an orientation meeting was
held for the county extension staff, related agencies, vet-
erinarians, physicians, and selected community leaders.
A list of all known swine producers was compiled, and the
reporting cards were mailed to them. Approximately 40
percent of the forms were returned.

The malformation rate was found to be 4.8 per thousand
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total births and 5.6 per thousand live births of the swine.
Malformations were classified mostly according to the
following body systems: (a) central nervous system, (b)
sensory organs, (c) alimentary and respiratory system, (d)
genitourinary system, (e) bones and joints, and (f) other
systems, e.g., hair, skin, monster or conjoined (Siamese)
twin. They were then compared with known human mal-
formations for 1966. The frequency distribution of each
type was reasonably similar in both swine and humans.

After the pilot study, the decision was made to extend
the study to all counties in the state. The statewide study
was conducted over a 3-yr period between October 1,
1967, and September 30, 1970, and covered six biannual
report periods (October 1 to March 31, or April 1 to
September 30). Results are given in Table 35. A seventh
specific category (rupture) was added for this part of the
study. As shown in Table 35, the defect rate is slightly
different than in the pilot study, but more specific rates
were calculated by body system. For each report period,
the birth-defect rate was calculated for each farm. The
defect rate and the X and Y coordinate location of each
farm reporting malformations can be displayed on
computer-drawn maps. For example, Figure 19 shows the
location of those farms with birth-defect rates of more
than 20 per thousand for the report period ending Sep-
tember 30, 1968. Such maps can be directly overlain for
purposes of comparison with maps of soil, vegetation,
surface drainage, geochemical elements, and other en-
vironmental factors. As in the human study, we were
interested in the possible clustering of high-rate farms.

The rate of congenitally malformed pigs per thousand
total births for the 3-yr period was calculated for the state
and for each county (Figure 20). The stillbirth rate per
thousand pigs farrowed ranged from 11.5 to 104.5 for the
counties, with a state average of 59.2 (Figure 21). A
summary of the data for live, stillbom, and malformed
pigs is presented in Table 36.

During the course of the study, several epidemics oc-
curred. On one farm, a group of 14 sows farrowed 149

TABLE 35 Distribution of Reported Congenital
Malformation Rates in Swine, by Body System, in
Missouri, for the 3-Yr Period October 1, 1967, to
September 30, 1970

Body System Rate Per 1,000 Total Births
Central nervous system 0.46
Sensory organs 0.38
Alimentary and respiratory 0.99
Genitourinary 0.42
Bones and joints 1.16
Rupture 277
Other 0.68

Total malformations (45,433) 6:86
Total malformed pigs (44,445° 6.69

“Includes stillbirths. Stillbirth is not a defect; a defective pig could have been bom
either alive or dead.
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FIGURE 19 A computer-printed map of malformed swine in
Missouri for the period April 1-September 30, 1968. Each dot
represents the location of a farm with a malformation rate of
greater than 20 per 1,000 total births. The sparsity of dots in
southeast Missouri tends to reflect the lower number of swine-
producing farms in this area.

pigs, of which 59 were abnormal; the abnormalities were
apparently related to the feeding of tobacco stalks to the
sows, because other sows on this same farm not exposed
to the tobacco stalks had no pigs with birth defects
(Menges et al., 1970). Another epidemic was associated
with consumption of poison hemlock (Conium
maculatum). Four sows farrowed 6 pigs with limb mal-
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FIGURE 20 Rate of congenitally malformed pigs per 1,000
total births in Missouri, reported by mailed questionnaire for the
3-yr period October 1967-September 1970. State rate = 6.7;
county range = 0.0-36.1.
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FIGURE 21 Stillbirth rate per 1,000 pigs bom in Missouri,
reported by mailed questionnaire for the 3-yr period October
1967-September 1970. State rate = 50.2; county range = 11.5 to
104.5.

formations and 34 pigs with signs of central nervous
system disturbance (Edmonds et al.,, 1972). A third
epidemic was possibly associated with the consumption
of the fruit of the wild black cherry (Prunus serotina)
(Selby et al., 1971b). Except for these three epidemics, no
causal environmental factors have yet been found to be
associated with malformations in Missouri.

Human Death Rates for Chronic Diseases

In cooperation with the Missouri State Division of Health
(Sauer et al., 1964), mortality patterns for adults have
been studied by county and other geographic areas for
various chronic diseases by means of age-sex-race-
specific death rates. Emphasis has been placed on the
four 10-yr age groups between 35 and 74, inclusive, and
also on all causes of death, because for these age groups:
(a) the overwhelming majority of the deaths are caused by
chronic diseases, (b) these deaths may properly be con-
sidered premature, (c) the number of deaths involved is
substantial, and (d) the cause of death will tend to be
more specific and more easily determined in these groups
than in the elderly. Attention is focused especially on
males, because among whites the male rates are about
double the female death rates for the same age. To pre-
sent a single death rate that would not be appreciably
affected by differences in age composition from county to
county, death rates for ages 35-74 were age-adjusted, or
standardized, for 10-yr age groups. The U.S. total popula-
tion in 1950 was used as the standard, and the direct-
method procedure was used, as described by Linder and
Grove (1943) and Shryock and Siegel (1971). The counties
with the lowest and highest death rates for this group
from all causes for the period 1959-1969 are shown in
Figure 22. Fourteen counties had average annual death
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TABLE 36 Number and Rate per 1,000 Total Births of Live, Stillborn, and Congenitally Malformed Pigs for Missouri,

October 1, 1967, to September 30, 1970

Some Malformations No Malformations Totals
Number of farms reporting 13,036 36,736 49,772
Total births 2,843,030 3,794,344 6,637,374
Live births 2,664,659 3,579,532 6,244,191
Live birth rate/1,000 937.3 943.4 940.8
Stillbirths 178,371 214,812 393,183
Stillbirth rate/1,000 62.7 56.6 59.2
Malformations 44,445 - 44,445
Malformation rate/1,000 15.6 _— 6.7

rates of less than 12.5 per thousand population. The city
of St. Louis and nine counties had rates greater than 16.5,
and 91 counties had rates between 12.5 and 16.5. The
high rates for Jasper and Iron counties have contributed
heavily toward generating the hypothesis that trace sub-
stances or other environmental factors associated with
mining or a history of mining in some way increase the
risk of death in middle age. The “Bootheel” counties in
the Mississippi Delta (southeast) portion of the state also
suggested the hypothesis that environmental factors as-
sociated with floodplains contribute to high risk. The
high rates for Jackson and Buchanan counties, as well as
for St. Louis, add evidence to the association between
population density and the risk of dying. All three of these
hypotheses are currently being tested using data for the
counties of the United States for several time periods and
for more specific cause categories.
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FIGURE 22 Counties in Missouri with lowest and highest
death rates, all causes, white males aged 35-74 (age-adjusted),
1959-1969.

Biologic Monitoring for Toxic Heavy-Metal
Contamination

An effort was also made in this study to search for species
of animals that could serve as monitoring or early waming
systems for the buildup of toxic heavy-metals in the
environment.

Missouri has a large deer population. Moreover, deer
do not range far from their place of birth, large numbers
are killed each year, and the locations of the kills are
recorded by Missouri Department of Conservation agents
and biologists. For this study, the agents and biologists
collected approximately 500 deer legs, 50 from each of 10
counties. Two counties were in northem Missouri and
had no major cities or industrial development; seven
counties were in southeastern Missouri and included
present or recent lead-mining and smelting activities; and
one county was in south-central Missouri with no mining
or other industrial activity. The levels of lead in the leg
bones, and particularly in the marrow,’ were found to
reflect those in the environment (3.97 ppm for lead-
mining and smelting counties against 1.72 ppm for control
counties).

Preliminary results with the use of the fruit fly,
Drosophila spp., as a monitoring species appear very
promising. Drosophila are ubiquitous, easy to collect in
adequate numbers for analysis, and appear to reflect very
accurately the levels of the toxic heavy metals in their
local environment. The usefulness of these species has
been tested by making collections at various distances
from a lead smelter in southeastern Missouri. Lead con-
tent was 1,200 ppm at 0.3 km, 175 ppm at 1.6 km, 100
ppm at 3.2 km, and 30 ppm at 11 km from the smelter.

GEOCHEMICAL SURVEY OF MISSOURI

Soon after the beginning of the human and animal
studies, the U.S. Geological Survey entered into an in-
formal cooperative study to make a geochemical survey of
the state. Work began in 1969 and was completed in 1973.
This survey is viewed as a pilot investigation into the
problems of preparing statistically stable geochemical
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maps (i.e., maps not likely to change substantially with
the addition of new data) of large regions. The survey
included bedrock, surficial unconsolidated geologic de-
posits, agricultural and currently uncultivated soils,
selected native and cultivated plants, groundwaters, and
surface waters.

In considering the conduct of the survey and the kind of
results obtained, it is useful to consider one of the princi-
pal underlying concepts employed in its design. The
concept will be familiar and obvious to statisticians and
statistically oriented geochemists but is strangely un-
familiar to a broad group of geologists and other scientists.

The basis of the concept is that any geochemical value
obtained from a laboratory on a sample submitted for
analysis will depart to some degree from the true value
that it is intended to represent. There are two reasons for
this: (a) a sample, by definition, is only a part of the whole
that it is to represent, and its composition is never exactly
the same as that of the whole; and (b) no laboratory
method has perfect precision (reproducibility).

This situation may be expressed:

X=T+d+e
where:

X = the analytical value received from the laboratory

T = the true value we are trying to estimate

d = the deviation of the sample value from the true value
e = the analytical error.

Both d and e may be positive or negative quantities, and,
although neither is ever known for an individual analysis,
their general magnitudes may be estimated in any spe-
cific geochemical study if it is based on a suitable formal
experimental design. Because knowledge of these mag-
nitudes is absolutely imperative when describing
geochemical variation from place to place over a region,
all studies in the geochemical survey of Missouri were
based on formal designs of this type. The interested
reader will find a more detailed account in Miesch (1967).
To the extent possible, the analytical method for each
constituent determined in each type of material (rocks,
soils, vegetation, and water) was consistent throughout
the Missouri program; none of the observed geochemical
variations could have resulted from the use of different
methods. Also, with a few unavoidable exceptions, the
analysis in each case was done by the same analyst. As a
precaution against systematic errors (drifts) that may
occur in even the best of laboratories, all samples were
analyzed in a sequence that was randomized with respect
to the geographic locations from which they were taken.
For the most part, the analytical errors encountered in the
Missouri survey, as measured by the variance of e in the
equation given above, were small in comparison to the
errors in sampling as measured by the variation in d.

Study Design

Most of the sampling programs were based on nested
designs (Krumbein and Graybill, 1965, p. 161), in which

each level of the nested hierarchy consisted of areal units.
The top level always represents some mapped areal unit
of rock, soil, vegetation, or water; successively lower
levels represent areal subdivisions of decreasing size.
The areal subdivisions at all but the top level were, in all
cases, selected for sampling by formal randomization pro-
cedures in an attempt to minimize sampling bias.

The reason for the choice of the nested design for the
sampling program becomes apparent when we compare
this plan with the conventional method of spacing sam-
pling localities at equal intervals over the region of inter-
est. For example, if we were to sample soils only, and if
we were to be satisfied with a sampling density of one
sample per square mile, almost 70,000 samples would be
required. Although more detailed information would
have been obtained than was obtained by nested sam-
pling, such a program was too costly. Moreover, two other
points had to be considered: (a) a fixed sampling density
at the beginning of the survey might result in an over-
whelming amount of redundant and costly information,
and (b) both the geochemists and the epidemiologists
were interested not only in the soils, but also in rocks,
plants, and water. The nested sampling designs allowed
description of the gross geochemical variations—the
first-order variations—in all these materials with fewer
than 7,000 samples. The results from nested designs can
be used also to establish supplementary sampling pro-
grams with any desired balance of detail, scientific relia-
bility, and cost.

Conclusions

Some principal conclusions and products of the geochem-
ical survey of Missouri follow:

1. The major geochemical contrast in the bedrock and
surficial geologic deposits is between the northern and
southern halves of the state. The northern half of the state
is underlain primarily by sandstones and shales of Penn-
sylvanian age, which are covered by glacial and perigla-
cial debris. These materials are relatively rich in a large
suite of major and minor elements. The southern half of
the state is underlain primarily by carbonate rocks, which
are generally poor in trace element content, although
many of the transition elements are enriched in the clay
residuum that has developed from weathering of the
carbonate rocks at the surface. Nevertheless, the clay
residuum contains lower concentrations of most of the
alkaline, alkaline-earth, and other soluble elements than
does the glacial and periglacial debris in the north.

2. Geochemical maps for most major and many minor
elements in agricultural soils show good correspondence
to the underlying geology. It is only through a complex
multivariate analysis in which 32 constituents of the soils
are examined simultaneously that a correspondence be-
tween soil composition and the conventional soil taxon-
omy becomes apparent, and then only at the upper level
of the taxonomic hierarchy (Tidball, 1971; personal com-
munication, 1973).
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3. In soils that are at present uncultivated, the compo-
sitions of the B-horizons vary significantly with both the
geology and the type of vegetation present. These soils
tend to be compositionally distinct in six major areas of
the state that have been defined on the basis of charac-
teristic vegetation. These areas are also roughly coinci-
dent with physiographic (and geologic) provinces.

4. Both native vegetation and farm crops vary greatly in
composition from one species to another, but composi-
tional variations over various parts of the state are notably
slight. Detailed studies of the relations between plant
chemistry and the total chemistry of the supporting soil
show that the correlations are exceedingly small, al-
though large differences in soil pH may result in impor-
tant changes in plant chemistry for some trace elements.
Thus, the trace element intake from the consumption of
plants by animals and humans depends a great deal more
on what plants are eaten and in what quantity than on the
geochemical environment in which they are grown. Im-
portant exceptions occur, however, where the geochemi-
cal environment is extreme, as where the soils have been
polluted by industrial activity or by naturally occurring
and pronounced geochemical anomalies.

5. Groundwaters and surface waters of the state vary in
major- and minor-element composition among the seven
major gechydrologic units, and the variation corresponds
well to variations in the compositions of the enclosing
bedrock and surface geology (Feder et al., 1972).

6. The average composition and compositional varia-
tion have been estimated for the following units of rock,
soil, vegetation, and water in Missouri:

® Nine different units of bedrock, including granite
and rhyolite, sandstones, carbonates, and shales.

® Two major categories of unconsolidated geologic
materials—loess and carbonate residuum.

® Agricultural soils in each of the 114 counties of the
state.

® Soils, at present uncultivated, in each of the six
major vegetation-type areas of the state.

® Buckbush and smooth sumac in each of the six
major vegetation-type areas of the state.

® Other selected native vegetation, including white
oak, post oak, willow oak, red cedar, shortleaf pine, and
sweetgum, in each of the vegetation-type areas where
they occur.

® Corn, soybeans, and mixed pasture grasses in each
of the four major vegetation-type areas where agriculture
is widespread.

® Groundwaters in each of the seven major geohy-
drologic units of the state.

® Surface waters in each of four major geohydrologic
units of the state.

7. Many of the results listed in item 6 above have been
summarized in seven semiannual progress reports in
which 129 geochemical maps appear (U.S. Geological
Survey, 1972a, 1972b, 1972¢, 1972d, 1972¢, 1972f, 1973).
These maps show the gross geochemical variations over
the state at a glance and are being used by the Environ-
mental Health Center in epidemiological studies. See
also more recent U.S. Geological Survey Reports by
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Erdman et al. (1976a, 1976b), Miesch et al. (1976), and
Tidball (1976).

8. Four investigations of geochemical or environmen-
tal pollution were completed. These were directed at (a)
effects of highways on the compositions of roadside soils
and vegetation throughout southern Missouri (Connor et
al., 1971a), (b) contamination of the roadside environment
near Centerville because of uncovered ore trucks (Connor
et al., 1971b); (c) environmental effects of a clay-pit opera-
tion in Callaway County (Ebens et al., 1972; Ebens et al.,
1973; Case et al., 1973), and (d) the effects of mining
operations on some soils along the Big River in the
east-central part of the state (U.S. Geological Survey,
1973).

9. A cooperative investigation involving the Environ-
mental Health Center and the U.S. Geological Survey has
shown some subtle but statistically significant relation
between the chemistry of agricultural soils and the
human death rates in Missouri counties (Tidball and
Sauer, 1975).

Other general accounts of the geochemical survey of
Missouri appear in Connor et al. (1972), Ebens (1973),
Erdman and Shacklette (1973), Feder (1973), Miesch and
Connor (1973), and Tidball (1973). Some of the specific
aspects of the sampling were discussed by Feder (1972),
by Miesch (1972), and by Miesch et al. (1976).

SUMMARY

Initially, the Missouri program focused on the develop-
ment of methods and the collection of fundamental or
baseline data on health effects and the geochemistry of
the environment. Currently, the program is concentrating
on epidemics and areas with rates at near-epidemic levels
of disease, statewide maps to identify such pattemns of
disease, and the association of variations in disease rates
with geochemical and geological patterns. Geological and
other hypotheses generated to a substantial extent from
Missouri data are currently being tested against national
data; the results indicate a clear need for more intensive
work in specific counties and areas of Missouri that are
epidemiologically and geochemically unique.
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X1V

World Health Organization
Studies in
Geochemistry and Health

ROBERTO MASIRONI

Deficiencies or excesses in the content or availability of
trace elements in rocks and soils, or in water flowing
through them, is hypothesized as a possible cause of
certain chronic diseases. This hypothesis is supported by
the association of the incidence of goiter and dental caries
with areas that are low in iodine and fluorine, respec-
tively. Other possible associations that have been re-
ported between geochemical and geological environ-
ments and the distribution of certain diseases include
gout (Kovalsky and Yarovaya, 1966), certain forms of
cancer (Burrell, 1962; Armstrong, 1972; Kmet and
Mahboubi, 1972), and cerebrovascular and cardiovascular
diseases (Takahashi, 1967; Shacklette et al., 1970).

The potential effects on health of the geochemical
environment are also suggested by the apparent relation
between hardness of water and cardiovascular diseases.
With six or seven exceptions, 27 studies in eight countries
(see Masironi et al., 1972; Neri et al., 1972) have shown
that death rates from cardiovascular diseases are usually
higher in areas served by soft water than in areas served
by hard water.

Further, preliminary observations (Masironi, 1971)
concerning the geographic distribution of ischemic heart
disease in Europe suggest that mean national death rates
increase with increasing age of the surface rocks and
underlying strata in each country or group of countries
(Table 37).

Because further study may help to explain why many
chronic diseases are geographically distributed in charac-
teristic ways, the World Health Organization (WHO) is

132

coordinating three principal geochemically oriented sur-
veys on: cardiovascular disease in several areas,
esophageal cancer along the Caspian coast of Iran, and
dental caries in Papua New Guinea. The information
reported here concerning the cancer and dental caries
studies was obtained through personal communication
with J. Kmet and D. Barmes, respectively, as well as from
the literature (Barmes, 1969; Barmes et al., 1970; Kmet
and Mahboubi, 1972).

CARDIOVASCULAR DISEASE

In 1969, wHO, in collaboration with the International
Atomic Energy Agency (IAEA), began a multidisciplinary
research program on trace elements in relation to car-
diovascular diseases.

This program has principally involved coordination of
the work of pathology departments, epidemiological
teams, and analytical laboratories in 20 countries: Argen-
tina, Brazil, Bulgaria, Czechoslovakia, the Federal Re-
public of Germany, Finland, Greece, Hong Kong, Iran,
Israel, Jamaica, New Zealand, Nigeria, Norway, the
Philippines, Singapore, Switzerland, Papua New Guinea,
the United Kingdom, and the United States. wHO
coordinates the medically oriented aspects of these
studies; the IAEA coordinates the analytical aspects.

After a planning meeting (WHO, 1971) at which research
needs and protocols were established and activities or-
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TABLE 37 Death Rates from Ischemic Heart Disease in Europe, Related to Age of Surface Rocks and Underlying

Strata, 1967 (All Ages; Both Sexes; per 100,000)

Precambrian Early Paleozoic Late Paleozoic Mesozoic
(> 600 m.y.* old) (600-300 m.y. old) (300-180 m.y. old) (< 180 m.y. old)
Sweden 320 Norway 263 Ireland 294 Italy 200
Finland 274 Northern Ireland 302 Austria 256 Yugoslavia 129
Denmark 318 England 308 Hungary 259 Bulgaria 144
Scotland 345 France 83 Greece 100
Germany (FR) 226 Switzerland 220
Netherlands 186
Belgium 180
Czechoslovakia 197
Poland 92
Spain 68
Portugal 119
Romania 144
MEAN 314 201 175 159
+SD + 29 + 24 + 75 + 50
*Million years.
*Difference significant at P < 0.001.

SOURCE: Masironi (1971).

ganized, collaborative studies were begun in the follow-
ing five areas of research:

1. Comparison of trace elements in tissues obtained at
autopsy from healthy subjects accidentally killed and
from persons whose deaths were caused by myocardial
infarction.

2. Comparison of the cadmium content and of cad-
mium: zinc ratios in the livers and the kidneys obtained at
autopsy from normotensive and hypertensive subjects.

3. Epidemiologic studies of the blood pressure, elec-
trocardiogram (EKG), and blood-cholesterol levels in
nonindustrialized groups, and of their cormrelation with
the trace element content of specimens of blood, toenails,
hair, food, and water taken from those groups and their
environment.

4. Determination of the trace element content of staple
foods (like rice and sugar) from several countries, and
correlation of the content with the degree or kind of
processing used on the foods.

5. Continued study of the hardness of water supplies in
relation to cardiovascular mortality or morbidity. This
will be supplemented with limited studies of the relation
of trace elements in rocks and soils to cardiovascular
mortality.

Of the many studies concerning the water/cardiovascular
disease relation mentioned above, only three, coordi-
nated by WHO, continue in depth: one in England (Craw-
ford et al., 1971; Stittet al., 1973); one in Finland (Punsar,
1973); and one in Canada (Neri et al., 1971). For these
studies, WHO is acting mainly as a center for coordination
and the exchange of information. WHO is also carrying out
some other, more recent studies in New Guinea and in
five European cities.

In England, 61 towns of comparable size were ranked
according to the hardness of their water supplies. Death
rates from cardiovascular diseases in the six towns with
the hardest water proved to be lower than those in the six
towns with the softest water. Moreover, the populations
of the hard-water towns also generally were found to have
relatively lower blood pressures, lower heart rates, and
lower blood-cholesterol levels. Socioeconomic, dietary,
and environmental factors appeared to have no influence
on these associations.

In Finland, a higher cardiovascular death rate, gen-
erally higher blood pressures, and higher blood-
cholesterol levels were found in eastern Finland, as com-
pared to western Finland, and are associated with the
softer water in the east. Other parameters, such as dietary
habits, socioeconomic factors, and physical activity of the
populations in the two areas did not explain the differ-
ences in cardiovascular pathology.

In Canada, general mortality, as well as cardiovascular
mortality, has been found to be higher in soft-water areas.

The wHO study in New Guinea confirms the findings in
England and Finland that higher blood pressure is as-
sociated with areas having softer water than those with
harder water. The villages studied are located along the
Wogupmeri and Blackwater rivers, which originate from
limestone mountains and flow into the Sepik River (Fig-
ure 23). The calcium content of the river water decreases
from 7.8 ppm to a minimum of 1.2 ppm and rises again to
15.9 ppm as the two tributaries approach the Sepik. When
the villages are grouped according to high, medium, and
low calcium content of the local riverwater, the corre-
sponding mean systolic and diastolic blood pressures in
both their male and female inhabitants were found to be
significantly greater in the low-calcium group (Table 38).
The difference, moreover, was not attributable to age or
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FIGURE 23 Villages surveyed in Sepik River Basin (New
Guinea) and parts per million of calcium in local river water

(wHoO, 1973).

body build. When the mean blood pressures measured in
individual villages located along the Wogupmeri River
only are plotted against the calcium content of the local
river water, the same trend is evident (Figure 24). These
findings are of particular interest because they indicate
that a cardiovascular parameter may be influenced by a
chemical parameter of the local geological environment.

The wHO study in five European cities includes a
standardized assessment of the rates of occurrence of, and
extent of damage from, atherosclerosis, hypertension, and
myocardial infarction in autopsy cases from Prague
(Czechoslovakia), Malmé (Sweden), and Ryazan, Tallin,
and Yalta (ussR). Full details on the epidemiological and
autopsy aspects of this study are contained in the wHO
report: “‘Atherosclerosis of the Aorta and Coronary Ar-
teries in Five Towns” (Kagan et al., 1976). Water hard-
ness values were also obtained from these cities. Prelimi-
nary results indicate an inverse relation between water
hardness and extent of cardiovascular damage (Fig-

ure 25).

Thus, both the independent studies carried out in the
past and the more recent ones that are more or less closely
coordinated by WHO agree in indicating the existence of
undesirable trends in the cardiocirculatory parameters of
populations using soft waters, regardless of their socio-
economic conditions or geographic location.

In 1972, wHO and the U.S. Department of Health,
Education, and Welfare began an informal collaboration
in water/cardiovascular disease studies. A number of
cities in the United States were tentatively selected that
have contrasting cardiovascular mortality rates but are
otherwise comparable in population size, degree of in-
dustrialization, distance from the seacoast, and altitude.
Water analyses, for the bulk elements and as many trace
elements as possible, will then be carried out and the
results compared with the corresponding death rates from

cardiovascular disease.

TABLE 38 Mean Blood Pressure in Relation to Calcium Content of River Water in Villages along Wogupmeri and

Blackwater Rivers in New Guinea

Mean Mean
Calcium concentration, Number of Mean Systolic Diastolic
range in ppm Subjects® Sex Age Blood Pressure, mm Hg Blood Pressure, mm Hg
9.6 (7.2-15.3) 15 M 50 104.5 + 12.5 674 =53
21 F 43 108.9 + 12.3* 707 7.9
44 (324.7) 31 M 44 111.6 + 134 69.7 + 8.2
53 F 40 1076 = 13.6 707+ 179
1.7 (1.2-2.7) 26 M 48 1158+ 9.9* 75.1 + 9.2*
24 F 43 117.5 = 13.8° 74.7 £ 7.5°
*The size of each village is only about 200 p including child Blood p was d only in fathers and moth
P < 0.05.
P=0.l

SOURCE: WHO (1973).


http://www.nap.edu/catalog.php?record_id=19929

death rates per 100000

per cent

Systolic Blood Pressurs mmHg

World Health Organization Studies in Geochemistry and Health 135

120
18
g * r= =001
o first and last villags (P < 0.08) FIGURE 24 Mean systolic blood pres-
sure in male and female adults versus
calcium content in water of New Guinea
105 villages along the Wogupmeri River
(wHo, 1973).
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FIGURE 26 Incidence of esophageal cancer per 100,000 people per year along the Caspian Sea coast in Iran (Kmet and Mahboubi,
1972).
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FIGURE 27 Soils of the Caspian Sea coast area of Iran (Kmet and Mahboubi, 1972).
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WHO is beginning studies on the possible relation be-
tween soil composition and the prevalence of cardiovas-
cular disorders near the Caspian coast of Iran in associa-
tion with a survey of the occurrence there of esophageal
cancer described below. Information on blood pressure,
electrocardiogram (EKG), blood-cholesterol levels, and
degree of obesity is being collected to see whether any
characteristic differences will become evident between
population groups in two highly contrasting geochemical
environments: the saline, semidesert area to the east and
the humid, subtropical area to the west. This study will
also examine differences in trace elements in rocks and in
their availability in plants, animals, and water in the two
areas. Samples of toenails, hair, blood, water, and food are
also being collected for bulk and trace element analysis.

Similar studies are being carried out in Polynesia on
the Tokelau Islands that will provide additional informa-
tion on the influence of the geochemical environment on
human health, particularly cardiovascular health, in
nonindustrialized populations living in close contact with

their natural environment, consuming food grown and
produced locally, and drinking untreated water.

ESOPHAGEAL CANCER

Esophageal cancer is also being studied in populations
along the coast of the Caspian Sea by the International
Agency for Research on Cancer (a branch of wHO) in close
collaboration with the Iranian public health authorities.
This coast is characterized by one of the highest inci-
dences in the world of esophageal cancer in its eastern
area and very low incidence in its western area (Figure
26). As mentioned above, the geochemical environments
of these two areas are sharply contrasted.

An environmental survey, started in late 1968, includes
the evaluation of climate, soil and water characteristics,
flora and fauna, disease patterns in man and animals,
socioeconomic characteristics of the population groups,
dietary habits, and genetic markers. This information is
being correlated with the incidence of esophageal cancer.
Of the parameters analyzed so far, the soil data show a
striking association with the epidemiology of the disease.
The western low-incidence area is characterized by
brown and gray-brown forest soils and humic-gley-bog
soils (Figure 27). The eastern high-incidence area is
characterized by saline, alkaline soils of the solonchak
and solonetz type, and loess. These soils are usually
unsuitable for general agricultural use, so that browsing
livestock, particularly sheep and goats, represent the
main use of the land in this region (Kmet and Mahboubi,
1972).

DENTAL CARIES

A study of dental caries is being carried out in primitive
village communities in Papua New Guinea by the wHO
Dental Health Unit in collaboration with Australian pub-

lic health authorities and investigators and with the U.S.
National Institutes of Health. This geochemically and
nutritionally oriented survey was prompted by the obser-
vation that caries prevalence in Papua New Guinea is
generally low, and that even at such reduced levels dis-
tinct differences exist among the various population
groups. Several of the villages studied are actually caries-
free. These isolated population groups in Papua New
Guinea, living in a close relationship with their natural
environment, provide an ideal opportunity for carrying
out comprehensive dietary, environmental, and trace
element surveys to elucidate the potential relation be-
tween the local geochemical environment and dental
health.

Although the benefits of fluorine to dental health are
well known, it cannot by itself completely prevent dental
caries. It is possible that other elements, such as molyb-
denum, vanadium, or strontium, may act in a complemen-
tary or a synergistic way with fluorine, while others, such
as selenium and lead, may perhaps act antagonistically.
To test these hypotheses, studies of the prevalence of
dental caries and the trace element composition of food,
water, and soil have been carried out in a number of
villages in Papua New Guinea.

Barmes (1969) and Barmes et al. (1970) conclude that:

1. A strong inverse association exists between the pre-
valence of dental caries and the existence of concentra-
tions in village soils and water of alkali and alkaline-earth
elements, especially strontium, barium, potassium, mag-
nesium, calcium, and lithium. There is a possible direct
association of caries incidence with the presence of lead
and copper in the soil and water.

2. Inverse associations were found between the inci-
dence of caries and the concentrations of vanadium,
molybdenum, magnesium, aluminum, titanium, and
phosphorus, and direct associations with concentrations
of lead, copper, chromium, zinc, and selenium in the
stable foodstuffs—sage, sweet potato, and Chinese taro.

3. The differences in the prevalence of caries among
the villages cannot be explained in terms of the fluorine
content of food, soil, and water.

Follow-up studies are now underway to test these
associations.
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XV

Display of Data
in Map Form—
Problems of Compatibility

HOWARD C. HOPPS

GENERAL CONSIDERATIONS

Generally speaking, our approach to understanding the
causes of disease has been far too simplistic. We act as
though most diseases had a single cause, whereas, in
truth, multiple causes are almost always at work. Disease,
from the broad viewpoint of cause and effect, is not an
entity; it is the result of a complex interplay among host
factors and disease-agent factors. The host factors are, in
part, genetic, but it is the environmental elements that
play the greater overall role in determining what diseases
will occur, where, when, and in what form (Hopps, 1971a,
1972a; May, 1958, 1961).

How does this view of disease relate to the display of
data in map form? Simply stated:

1. From a pragmatic view, environmental factors that
affect both cause and course of disease are more impor-
tant than genetic factors because they are more easily
controlled (as of today, at any rate).

2. For the most part, environmental factors are neither
evenly nor uniformly distributed; moreover, there are
reasons why they occur where they do.

3. Spatial distribution of the level of environmental
factors is best portrayed in map form because:

a. Maps can show in a very effective, three-
dimensional way which disease is where, and
when; and they can help to answer the questions
“Why?” and “What can be done about it?”

b. An enormous amount of nonmedical information

139

is already available in map form—such as popula-

tion density, transportation routes, climate, land

usage, and soil types—ready for use with appro-
priate medical information that has been com-
parably assembled and displayed.

. Maps can present medical information in a man-
ner that allows:

i. analysis (with other mapped factors) by pat-
tern matching—a very powerful analytic ap-
proach, particularly useful in generating new
ideas about cause and effect relationships;
cluster analysis—particularly useful in testing
preformed hypotheses; and
evaluation of time and distance factors—with
respect to such problems as deciding how
many and what kind of controls (of pollution,
for example) should be exerted, and where, to
meet specific needs.

4. Maps, particularly isopleth (contour-type) ones, are
very useful in trend analysis, so that, given an adequate
data base, the items considered under (3) above can be
projected for the future as well as determined for the
present.

ii.

iii.

Types of Maps

There are three principal types of maps: point maps, on
which dots are used, largely restricting the information to
a “present” or “not present’’ statement; choropleth maps
(shading-type), on which there is an unfortunate effect of
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averaging the factor in question and expressing that aver-
age value over an area much larger than a point; and iso-
pleth maps (contour-type), which has the great advantage
of freely expressing quantitative aspects in a manner that
dramatically indicates both the values of the functions
and their rates of change from one area to another. Iso-
pleth maps are by far the best if one is attempting to relate
patterns of disease distribution and environmental
characteristics.

This very brief and simplistic discussion can easily be
extended by consulting a reference work on cartography,
such as Robinson and Sale's Elements of Cartography
(1969).

Obviously, it is important to know where a particular
disease occurs if one is to work toward preventing or
controlling it. But merely a yes or no for place of occur-
rence (such as dots on a map or cross-hatching of affected
districts) is not enough. Moreover, because disease is no
respecter of political boundaries, the use of choropleth
(shading-type) maps that give the average values of dis-
ease data for political regions, such as countries or states,
may be quite misleading. For example, the incidence of
many diseases in New York State is dominated by their
rate of occurrence in New York City.

If choropleth maps are to be used, the size of the unit
area should be sufficiently small to represent a reasonably
homogeneous set of the data depicted. For example,
when mapping large regions of the United States (e.g., the
Northwest), county units might be suitable; state units
would be far too large for most purposes (Hopps, 1972b).
Isopleth maps are much more effective than point (dot-
type) or choropleth maps in displaying quantitative as-
pects of data, including rate of change. They are more
difficult to produce, however.

Producing an isopleth map for a given simple function
of two variables that are restricted to some rectangular
domain is a reasonably straightforward task. In the case of
contour mapping of disease, however, serious problems
arise, because one is not given a simple function to
contour, but the average value of a function at selected
points, irregularly distributed in the domain. A major
hazard is unrecognized error resulting from inappropriate
interpolation (Jenks and Caspall, 1971).

Of greatest value are maps that show, quantitatively,
the distribution of indices (i.e., data complexes) that re-
late directly and comprehensively to the problem at hand.
A given data complex (which, in effect, represents the
solution of an equation) can reflect the factors or parame-
ters known to affect the cause and course of the disease,
including the effects of various treatments. For example,
a single data complex might incorporate age, sex, race,
body build and weight, occupation, social and economic
status, specific aspects of past medical and social history,
blood pressure, level of serum cholesterol, and specified
electrocardiographic characteristics.

This is not a new concept, of course. Distribution pat-
terns of disease are, for example, commonly presented in
terms of levels that are above or below the expected.
However, indices have not been used to the extent that

they could and should be, now that we have at our
disposal powerful new mathematical methods such as
regression on principal components, linear probability
models, and cross-spectrum analyses, along with the
computer technology that makes the application of such
complex mathematical analyses feasible. Moreover, com-
puter science and technology have also developed to the
point at which it is now possible to produce distribution
maps quickly and with relative ease (Tarrant, 1970;
Peucker, 1972). Thus, we have potentially many more
maps to work with than ever before. But the production of
maps by computer is not a simple matter. One of the major
problems has to do with converting narrative and tabular
data to a form that is suitable for computer operation and
that will allow direct map output (Hopps et al., 1969;
Hopps and Gabrieli, 1970; Hopps, 1971b).

SPECIFIC CONSIDERATIONS

Aside from the content of the map, three important factors
to be considered from a technical standpoint are: projec-
tion, scale, and symbolism.

Projection

There are well over 100 different projections, and, since
each of them has its unique set of advantages and disad-
vantages, the user must weigh the pros and cons to arrive
at an appropriate choice for his specific purpose. The
ideal map accomplishes equality of areas, truth in shape,
and accuracy in distance. This happy combination can
only be found in global maps; when the sphere is flat-
tened, distortion is inevitable. There are four principal
ways to flatten the sphere, so to speak, but many varia-
tions within each—thus, the hundred-plus projections.
The four basic projections are described briefly below:

1. Cylindrical projections, the Mercator form being
best known, are good for very large areas, such as the
world, but distort size badly as one gets beyond the
30°—40° latitudes, North or South (assuming that the mid-
dle of the cylinder corresponds to the equator).

2. Orthographic projections present an image of any
chosen half of the sphere (as a maximum) as though
parallel rays of light were projected through this portion.
If an entire hemisphere is displayed, the map will be a
perfect circle and distortion will be minimal at the center
and maximal at the periphery. Of course, areas smaller
than half the globe can be mapped in this manner, and,
the smaller the area, the less the marginal distortion.

3. Conic projections represent a compromise of truth in
shape, area, and distance that is quite tolerable for rela-
tively large areas, especially if they are wider than they
are long (see Figure 28).

4. Azimuthal projections are made on a tangent plane
with the origin point at the opposite surface of the globe
or at its center. An outstanding advantage of this projec-
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tion is that all distances extending from the center point
are true to scale.

In producing maps that will help relate the geochemi-
cal environment to conditions of health and disease, the
task is not merely to select the projection that best shows
disease distribution or geochemical characteristics, but to
choose a projection that is suitable and that also fits
closely the many existing maps that will be useful for
comparison (e.g., maps depicting land usage, population
density, and so forth).

Responses from inquiries to a number of major agencies
and private groups that present data in map form indicate
that the Albers Conic Equal-Area Projection is widely
used and may well be the best choice for our purposes. It
is better suited to the United States than its close rival,
the Lambert Conformal Projection, because the two paral-
lels “cut” by the cone (representing lines of true values)
are 4° farther apart than those on the Lambert projection.
Thus, the Albers projection produces somewhat less dis-
tortion in the northemmost and southemmost parts of our
48 contiguous states, viewed as a composite, as is shown
in Figure 28.

Unfortunately, there is no easy way of transposing data
presented in a map of one projection to a map of signifi-
cantly different projection, particularly if a large area is
involved. With small areas, differences are often insig-
nificant.

Scale

As with projection, there is no absolute best selection;
one must match scale with objective. Resolution is usu-
ally the deciding factor. Here, however, the problem is
considerably simpler, because many of the important map
producers have more-or-less standardized on a limited
number of scales, to match the size of area and the

FIGURE 28 The Albers Conic Projection. Values of lines of
equal maximum angular deformation are 1°. Reproduced by per-
mission from Robinson and Sale, Elements of Cartography, 3rd
ed., John Wiley & Sons, New York, 1969.

resolution they are interested in. Moreover, changing the
scale is easily accomplished by photographic enlarge-
ment or reduction.

In general, large areas such as regions of the United
States and continents, as shown in atlases, range from
1:40,000,000 (1 in. = 640 mi) to 1:4,000,000 (1 in. ~ 64
mi); topographic maps range from 1:1,000,000 (1 in = 16
mi) to 1:10,000 (1 in. = 0.16 mi); and cadastral maps, such
as one showing a township plat, have a scale of 1:10,000
or larger. Since scale is expressed as a fraction (1:10,000 =
1/10,000), the smaller the denominator the larger the scale
and, given the same area, the larger the map. For exam-
ple, taking the scales used in the National Atlas, a
1:34,000,000 map of the contiguous 48 states measures 4
X 6 in. A map of the same region at 1:17,000,000 measures
8 x 12 in., and at 1:7,500,000, 17 X 26 in. Table 39 shows
scales and projections of base maps used by the U.S.
Geological Survey.

The U.S. plan to convert to the metric system is already
having an impact on map production. The Geological
Survey announced in March 1973 that the first of its series
of all-metric maps would cover parts of Alaska. These
maps will be at a scale of 1:25,000 (4 cm = 1 km).

Symbolism

Symbolization in maps is, in essence, the means of coding
the information to be presented. The goal is to select a
system that displays the information in an esthetically
pleasing manner and in a form that facilitates rapid, com-
prehensive retrieval by the map user. There are many,
many ways to portray the distribution of things, and each
time a new map is designed this poses a new challenge.
The symbolism that is used becomes an inherent part of
the map, the importance of which can hardly be overem-
phasized. Many maps fail to deliver their message merely
because of inappropriate symbolism. Sometimes the in-
dividual symbols are appropriate, but the map fails be-
cause too many of them are used, leading to clutter and
confusion.

Data can be represented in a map in three basically
different ways, and these may be combined:

1. Point symbols (Figure 29), such as actual dots, num-
bers, letters—even small pictures. These can be con-
sidered as zero-dimensional symbols since, in practice,
they approximate a geometric point.

2. Area symbols (Figure 30), such as various intensities
of gray, or various colors, or patterns. These can be con-
sidered as two-dimensional symbols since, in practice,
they approximate a geometric planar area.

3. Line symbols (Figure 31) include contour lines,
which can be considered as three-dimensional symbols
since a set of contour lines, in practice, approximates a
geometric curved surface, either real or imaginary. Line
symbols are also used to represent essentially two-
dimensional things such as roads, rivers, or boundaries.
In the form of directional arrows, they may also indicate
flow.
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TABLE 39 Scales and Projections of Base Maps in the U.S. Geological Survey

Series Scale l-in. Equals Size Area, sq mi Projection
7% min 1:24,000 2,000 f 7% x 7% min 49-70 Polyconic
15 min 1:62,500 =~ 1 mi 15 x 15 min 197-282 Polyconic
1:250,000 1:250,000 =~ 4 mi 1% %28 458-8,669 Universal
1° x 3 Transverse
Mercator
State 1:500,000 ~ 8 mi Variable Lambert
Conformal
Conic
State 1:1,000,000 = 16 mi Variable Lambert
Conformal
Conic
mMw (International 1:1,000,000 = 16 mi 4° x 6° 73,734- Modified
Map of the World) 102,759 Polyconic
uUs. 1:2,500,000 =~ 40 mi 2 sheets Albers Equal
36 x 78 in. Area
u.s. 1:3,168,000 = 50 mi 1 sheet Albers Equal
39 x 61 Area
Us. 1:5,000,000 ~ 80 mi 1 sheet Albers Equal
24 x 38 Area
uUs. 1:7,000,000 =~ 110 mi 1 sheet Albers Equal
15 x 27 Area
U.S. 1:17,000,000 ~ 268 mi 1 sheet Albers Equal
8 x 12 Area
U.S. 1:34,000,000 = 536 mi 1 sheet Albers Equal
4x6 Area
SOURCE: Douglas Kinney, U.S. Geological Survey, unpublished, 1973,

Each of these basic classes provides for an enormous
variety of symbols. The illustrations graciously provided
by Professor Robinson demonstrate this point very well.

Millions of dollars are being spent to accumulate health
and disease-related data, but much of this is not now
being used effectively, if at all. Clearly, it is not enough
that the data exist. They must be brought together, man-
ipulated to identify significant relationships, and the re-
sults displayed in a form that will effectively communi-
cate their significance. Maps, because they present rela-
tionships among three or more variables (the usual graph
deals only with two), are ideal for presenting large
amounts of complex information in a way that shows
clearly the distribution of components in terms of quan-
tity, location, and time.

Moreover, maps are readily adaptable to whatever level

of sophistication is necessary to fit the quality and quan-
tity of available data. Depending on the data, the informa-
tion that disease maps present can range from a simple
yes or no answer with respect to the presence or absence
of a particular health characteristic or disease, through
quantitative expressions of the amount and character of
the disease at various locations, to a demonstration of the
complex interrelationships among disease rates and a
wide variety of environmental factors.

In this era of increasing public concern with environ-
mental influences, many important judgments must be
made in the absence of sufficient information. The data
that are available must be collated and put in a clear and
understandable form for use by those who must make the
decisions “now.” The display of pertinent data in map
form is an important means toward that end.
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FIGURE 29 Illustrative outline of the
kinds of point symbols and the ways that
they can be used. Reproduced by permis-
sion from Robinson and Sale, Elements of
Cartography, 3d ed., John Wiley & Sons,
New York, 1969.

FIGURE 30 Illustrative outline of the
kinds of area symbols and the ways that
they can be used. Reproduced by permis-
sion from Robinson and Sale, Elements of
Cartography, 3d ed., John Wiley & Sons,
New York, 1969.
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FIGURE 31 Illustrative outline of the
kinds of line symbols and the ways that
they can be used. Reproduced by permis-
sion from Robinson and Sale, Elements of
Cartography, 3d ed., John Wiley & Sons,
New York, 1969.
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INTRODUCTION AND OBJECTIVES

A National Environmental Specimen Index System
(NEsiS) would fill several important service needs as a
comprehensive, centralized data bank of information on
the nation’s rapidly expanding collection of environmen-
tal specimens, including in particular those obtained with
public funds. The major function of NESIS would be to
serve as a guide to accessible collections of stored
environmental samples available for further study. The
range of services envisioned for such a system would
include complete descriptive information and analytical
results on the indexed samples, as well as recom-
mendations for uniform sampling, measurement, and
storage criteria. The system would also extend well be-
yond normal curatorial activities by developing sugges-
tions for improving the usefulness of the indexed speci-
mens to both research scientists and environmentally
oriented regulatory officials. It would, in addition, foster
coordination of specimen collection and banking ac-
tivities and cooperation both nationally and internation-
ally.

The concept of a NESIS is not intended to create a new
agency, to generate data, or to establish a massive cen-
tralized sample bank, but to develop a mechanism, at
nominal cost, to provide an indexing system and a central
means of access to selected environmental specimens in
existing single-purpose collections and to future materials
banked under its recommended procedures. NESIS also
could suggest a quality-control program for the accessible
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materials to help ensure that items needed for present as
well as future environmental studies are acquired, vali-
dated, and properly preserved.

The idea of an environmental specimen index system
first emerged at the October 18-19, 1972, meeting of the
Subcommittee on the Geochemical Environment in Rela-
tion to Health and Disease (GERHD). Consideration of a
national environmental sample index was proposed pub-
licly at an Environmental Protection Agency (EPA) sym-
posium held in February 1973. In May 1973, the topic
was included at the GERHD Capon Springs Workshop
(Wixson and Jennett, 1975). Participants in the Work Group
that considered this topic were selected from interested
sample-bank and information-handling specialists from
the National Science Foundation (NSF), EPA, and the
National Bureau of Standards (NBS), as well as from Oak
Ridge National Laboratory (ORNL), Midwest Research
Institute (MR1), and the University of Missouri. Workshop
participants and the organizations represented saw in this
study a valuable and fiscally reasonable tool to aid en-
vironmental research efforts.

As an outgrowth of the Workshop’s deliberations, EPA
and NSF jointly funded a preliminary study, in close
collaboration with NBS, aimed at developing such an
indexing system (National Bureau of Standards, 1975).
This study, conducted at ORNL, resulted in a draft report
by Van Hook and Huber (1975), “National Environmental
Specimen Bank Survey,” whose purpose was to identify
repositories in the United States that store materials col-
lected for either research or monitoring activities. The
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survey’s aims were to identify where collections are lo-
cated, who maintains them, what comprises the collec-
tions, what analyses have been performed, and how the
sample collections have been preserved and stored, as
well as to determine the accessibility of the stored mate-
rials and associated data to both research and regulatory
personnel. The survey was designed to include informa-
tion on collections of atmospheric, geological, human-
tissue, animal-tissue, plant-tissue, and water samples.

Beyond the initial survey, the ORNL effort is designed
to organize a planning committee to evaluate the feasibil-
ity of such an indexing system, to develop a 5-yr plan for
carrying out the work, and to develop a program to estab-
lish criteria for sample collection, preparation, storage,
and analysis.

The most important function of the system would be to
ensure the future availability of banked specimens
necessary for retrospective studies on the occurrence of
selected substances and of their changes through time.
The NESIS concept would thus help to identify and evalu-
ate time-dependent changes in the environment and
would provide a means of measuring properties not pre-
viously sought and of reevaluating previously determined
analytical values with respect to newer techniques.

More complete knowledge and availability of environ-
mental samples is necessary, because at present many
investigators are not always aware of existing samples
collected, analyzed, and stored in the normal course of
research that may be useful to them; in addition a signifi-
cant fraction of the data generated is probably not gen-
erally available or made known to any substantial portion
of the scientific community. Furthermore, such indi-
vidual collections undoubtedly reflect a troublesome
variety of collection methods and conditions of storage.

NESIS would eliminate many of these problems, while
increasing the quantity of samples and information avail-
able for general use. NESIS could help to compile descrip-
tions of existing specimen collections and assist in estab-
lishing procedures for future sample collection, handling,
storage, and analysis. Such a program could also identify
needs for augmenting existing collections and suggest
specific objectives for future needs.

The objectives of NESIS are to:

@ Provide an index to historical specimens for the mea-
surement of properties, including contaminants not pre-
viously investigated, long-term evaluation of analytical
methods, and measurements of time-dependent changes.

e Establish a centralized data and information storage
and retrieval system containing all information appropri-
ate to the selected specimens. NESIS should be open to all
qualified parties.

e Establish uniform criteria for sampling, storing, and
measuring the properties of various types of specimens
needed to be stored.

® Provide information useful for the assessment and
revision of current environmental policies.

e Establish a framework for national coordination of
current and future specimen banks and collection ac-
tivities.

e Foster cooperation and establish working arrange-
ments for the international exchange of information and
specimens.

Operating Procedures

NESIS could function as a central coordinating group able
to draw on many organizations and agencies. Specifically,
it would need the active participation both of groups
currently building specimen collections and of re-
searchers involved with general environmental monitor-
ing. This participation might best be ensured by the
establishment of a steering committee composed of rep-
resentatives of all major participating groups. The steer-
ing committee could establish NESIS and act as a board of
directors for the operational system. To meet the needs of
the wide variety of contributors, the committee member-
ship should reflect a diversity of disciplines, including, at
least, analytical chemistry, geology and geochemistry,
meteorology, soil science, ecology, biology, medicine,
and statistics.

The system could be operationally managed by a cen-
tral staff supervised by a full-time executive officer. The
executive officer should be responsible to the steering
committee, and the staff should handle requests and
maintain regular contacts with the various environmental
specimen banks and collections associated with NESIS.

Among the existing sample banks that should be af-
filiated with NESIS are:

e The National Tissue Specimen Bank (NTSB), a part of
the Community Health and Environmental Surveillance
System of EPA. NTSB is conducting a series of stan-
dardized epidemiological studies, designed to evaluate
existing environmental standards and to improve the
knowledge and understanding of human exposure to toxic
metals and persistent man-made chemical compounds.
Pilot studies, involving the collection of human-tissue
specimens from biopsies and autopsies, are also under
way with the objective of systematically determining
baseline pollutant levels in different organs as a function
of age.

® The Atomic Energy Commission Soil Bank, now a
part of the Energy Research and Development Adminis-
tration (ERDA). It has collected soil samples, both nation-
ally and worldwide, over the past 15 yr as a means of
monitoring changes in strontium-90 levels.

@ The National Air Surveillance Network (NASN) of the
EPA Environmental Research Center. NASN, established
in 1953, conducts high-volume air sampling for Total
Suspended Particulate (TSP) in 237 urban and 20 nonur-
ban areas throughout the United States. Half of the filter
(on which the sample collects) is used for immediate
study, and the other half is placed in storage. This TSP
air-sampling network has provided data for several
studies, most notably concerning the occurrence of par-
ticulate polycyclic organic matter in the atmosphere.

NESIS would maintain and disseminate a complete de-
scription of all samples located within the system through
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a computerized information storage and retrieval system.
Descriptive information would include such things as the
types and numbers of specimens, their handling and
storage history, the results of analyses, the locations from
which they were taken, and other descriptive items.

NESIS could designate certain significant specimens in
various sample-bank collections as “NESIS specimens” as
a means of ensuring their availability for special use in
the national interest. In addition, cooperating banks
might, as the need arose for specific samples not other-
wise banked in NESIS, entrust or make available through
NESIS certain fractions of their own, non-NESIS collec-
tions.

NESIS would identify the types of samples that should
be banked but are not. Use could also be made of the
extensive and diverse U.S. environmental monitoring ac-
tivities; government environmental research grants might
provide for a certain fraction of specimens collected to be
banked for future use.

With an eye to present and future needs, NESIS would
encourage preservation of a wide variety of specimens.
Those currently regarded as essential include:

® Geochemical specimens, such as air, soil, sediments,
and water. '

e Ecological specimens, such as plants and animals.

® Animal tissues, such as specimens of domestic ani-
mal tissue used for food.

® Human tissues obtained from biopsy and autopsy.

® Foods, such as those from the Food and Drug Admin-
istration’s (FDA) Market Basket Surveys and other high-
usage commodities.

e Miscellaneous specimens, such as energy sources,
waste materials, and effluents.

Exhaustive analysis of all specimens prior to deposit
seems unnecessary. However, a sequence of testing pro-
cedures is required to ensure that the needed prestorage
tests are performed and that less-destructive testing pre-
cede more-destructive testing. Other measurements
could be made as needed. All operations should be de-
signed and conducted to ensure high quality in the pres-
ervation and measurement of all specimens in the system.
Although not directly involved in field sampling, NESIS
might review and help to plan long-term sampling strate-
gies of various monitoring agencies and groups. NESIS
might also seek to encourage the maintenance in per-
petuity of sites around the country to serve as environ-
mental study parks for the accurate monitoring of en-
vironmental quality.

CONCLUSIONS

A National Environmental Specimen Index System
(NEsiS) could provide a much-needed central source of
information on past, present, and future environmental
specimens, repositories, and associated monitoring tech-
niques. The following sequence of three tasks is en-
visioned for NESIS.

Task 1

Establish a NESIS Steering Committee, composed of rep-
resentatives of groups or organizations providing funds,
collecting specimens, operating monitoring programs, or
using its services—organizations such as the Environ-
mental Protection Agency, the U.S. Department of Ag-
riculture, the Energy Research and Development Admin-
istration, the National Science Foundation, the Food and
Drug Administration, the U.S. Department of the Interior,
appropriate academic institutions (particularly land-grant
and sea-grant universities), and the Council on Environ-
mental Quality.

The chairman and members of such a steering commit-
tee should be expected to devote substantial time to this
activity, and sufficient funds should be provided for their
travel to attend meetings.

The Steering Committee should:

® Develop the organization and management structure
of NESIS.

¢ Identify the types of specimens and information to be
stored in the system.

® Develop interim procedures for sampling, sample
handling, and storage of specimens to be included in the
system.

® Plan the data handling, storage, and retrieval system.

® Publish approved analytical techniques, and support
research in analytical procedures.

e Serve as a clearinghouse for information on environ-
mental data banks.

® Promote research in environmental geochemistry.

Task 11

Inventory and assess the value of existing specimen col-
lections that are potential candidates for participation in
NESIS. The findings should be published and should
include reviews and recommendations concemning:

® Present methods of collection and storage.

® Availability of banked specimens for future analysis.

® Reliability of existing analytical data.

® Assessment of the value of the specimens for future
reference.

Task I11

Implement the NESIS concept, including:

® Defining sampling procedures and strategies.
® Developing preparative and storage procedures that
minimize chemical or biological degradation.

Because of the multiagency interest, existing coopera-
tion and participation, and the diverse types of environ-
mental samples desired, the National Science Foundation
logically should be considered as the initial coordinating
and funding agency. The Environmental Protection
Agency would be the most logical organization to estab-
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lish such a system, because of its present involvement in
various sample banks. However, other agencies, organiza-
tions and individual users also have expressed a desire to
participate by cooperation, coordination, and funding, to
ensure the development of a viable National Environ-
mental Specimen Index System.
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strontium, 77
tin, 89
vanadium, 100
anemia, hemolytic, magnesium, 20
hypochromic microcytic, 113
Iran and Turkey, 113
anesthesia, magnesium, 22, 23
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animals, see also individual kinds
magnesium, 16
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burns, nickel, 49
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cabbage, strontium, 79
cadmium, humans, 113
interaction with zinc, 112
kidney, 133
relation to zinc, 133
liver, 133
relation to zinc, 133
peat, 116
plants, 117
sewage sludge, 117
calcite, strontium content, 74
calcitonin, magnesium, 112
calcium, duodenum (table), 84
fish bones (table), 83
human diet, 80
interaction with fluorine and alumi-
pum, 112
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interaction with strontium, 113
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United States (table), 81
molecular discrimination, 80
physiology, 79
plants, 77
typical (illus.), 79
United States, Institutional Total Diet
Sampling Network (map), 81
calculi, siliceous, 63, 65
California, Aiken soil, 9
strontium soils, 75, 79
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Vina soil, 9
Calluna, vanadium, 101
calves, magnesium absorption, 16
magnesium deficiency, 19
manganese, 32
cancer, see also different kinds
asbestos, 67, 68
geochemistry, 132
nickel, 50
phytoliths, 63
cancer (breast), Indians, 122
cancer (colon), Indians, 122
cancer (esophageal), Iran 132; (map), 136
soil, 137
trace elements, 137
cancer (gastrointestinal), 68
cancer (lung), beryllium, 9
Indians, 122
phosphate, 118
cancer (stomach), Indians, 122
cancer (uterus), Indians, 122
nickel, 49
Cannon, Helen L., v, 101, 102, 149
Capon Springs, West Virginia workshop,
1, 111
participants, 149
Captiva Island, Florida workshop, 3
carboxylase, pyruvate, manganese, 32
carcinoma (biliary), Indians, 122
carcinoma (bronchiogenic), Indians, 122
carcinoma (gastric), Indians, 120
cardiac conduction, magnesium, 23
cardiovascular disease, geochemistry,
132

water, England, 133
water hardness, 133
World Health Organization, 132
cardiovascular lesions, Indians, 122
Carex humilis, strontium, 78
Carlisle, Edith M., 58, 64, 149
Carrigan, Richard A., 149
carrots, nickel translocation, 45
strontium, 79
vanadium, 101
cartilage, silicon, 64, 65
Carum sp., 104
Carya, beryllium accumulation, 8
Cassinia vauvilliersii var. serpentina, 46
cassiterite, 88
Castilleja angustifolia, 104
cataracts, nickel, 49
catecholamines, manganese poisoning,
35
Cathles, Lawrence M., v
cattle, diseases, Pima Indian Reserva-
tion, 120
grass staggers, 19
grass tetany, 19
influence of quartz, 62
magnesium deficiency, 19
magnesium excretion, 17

manganese deficiency, 32
nickel, 49
caudate nucleus, manganese, 34
celestite mines, strontium soil, 75, 79
celiac disease, magnesium deficiency, 21
cereals, iron chlorosis, 44
magnesium, 16
nickel (table), 44
silicon, 65
strontium tolerance, 78
cerebellum, manganese, 33, 34
cerebral cortex, manganese, 33, 34
cerebrovascular disease, geochemistry,
132
ceruloplasmin, copper, 113
chalcopyrite, 42
Chara australis, 80
chelation chemistry, manganese, 30
chickens, aging, silicon, 65
manganese deficiency, 32
nickel, 49, 50
rickets, 83
silicon, 64
silicon deficiency, 65
strontium, 83, 84
vanadium, 103, 105
children, manganese excess, 34
chimpanzee, manganese intoxication, 34
Chinese taro, trace elements, 137
Chilorella pyrenoidosa, strontium, 78
Chlorella vulgaris, nickel, 45
chlorite, 42
chlorophyll, magnesium, 11, 16
chloroplasts, manganese, 31
coupling factor, 14
chlorosis, iron, cereals, 44
soil imbalance, 116
vanadium, 101
chlorothiazide, 22
cholecalciferol, 84
cholelithiasis, Pima Indians, 2, 121
cholesterol, vanadium, 103
cholesterol (blood), nonindustrialized
people, 133
soil, 137
water, 133
cholesterol (liver), nickel, 50
cholesterol (plasma), vanadium, 103
cholesterol (serum), Indians, 121
zine, 113
chondroitin sulfate, manganese, 32, 64
choreiform movements, magnesium, 20
chromatin, nuclear, 50
chromium, 113
dental caries, 137
soil, 41, 117
serpentine rocks, 116
chronic disease, mortality, 126
Chrysothamnus viscidiflorus, 104
chrysotile, 56, 66
asbestosis, 67
cancer, 68
Churg, J., 68
Chvostek and Trousseau sign, mag-
nesium, 20

Index 153

cigarettes, nickel, 50
silicon, 68
circulatory system, asbestos, 68
cirrhosis, alcoholic, magnesium, 21
hepatic, 49
Indians, 121
magnesium, 22
Laennec's, Indians, 121
cisternae, nickel, 50
citric acid, grass tetany, 19
citrus trees, zinc deficiency, 44
clay, geophagia, 113
iron, 113
metal sorption, 57
silicon, 56, 62
vanadium, 97
zinc, 113
cleft lip, 125
cleft palate, 125
clinochrysotile, 42
climate, esophageal cancer, 137
silicon, 62
clover, silicon, 58, 60
club foot, 125
coal, beryllium, 8
nickel, 42
tin, 88
vanadium, 95
cobalt, humans, 113
plants, 116, 117
sewage sludge, 117
coccoliths, strontium, 74
coenzyme synthesis, magnesium, 12
cogwheel phenomena, manganese, 33, 34
collagen, strontium—calcium ratio, 80
Colorado, beryllium soil, 8
compulsions, manganese miners, 35
confusion, magnesium deficiency, 20
congestion, silicon, 66
conic map projections, 140
conifers, beryllium accumulation, 8
Conium maculatum, 126
connective tissue, silicon, 64, 65
Connor, Jon J., ix, 100
convulsions, magnesium deficiency, 21
copper, dental caries, 137
humans, 113
rats, interaction with zinc, 113
sewage sludge, 117
soil, 116, 117
corn, nickel, 45, 50
strontium, 79
trace elements, 129
corn oil, nickel, 48
corpus striatum, manganese poisoning,
35
cotton, strontium tolerance, 78
Council on Environmental Quality, 147
cows, see cattle
cramps, vanadium, 105
creatine kinase, magnesium, 15
creatine phosphate, magnesium, 15
crested wheatgrass, 19
cristobalite, 55
crocidolite, 66
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crops, manganese deficiency, 31
natural soil imbalances, 116, 117
silicon from soil (table), 59
trace elements, 129

cryptomelane, 29

cucumbers, nickel translocation, 45

Cuyahoga River, nickel, 41

cylindrical map projections, 140

Czechoslovakia, plants, tin, 89

Dactylis glomerata, 19
Dahomey, soil tin, 88
dairy products, magnesium, 16
Davis, George K., v, 149
deer, Missouri, toxic metals, 127
dehydratase, delta amino levulinate, 114
dehydrogenase, liver alcohol, 121
delirium, magnesium deficiency, 20
delirium tremens, nickel, 49
delusions, manganese miners, 35
dental caries, fluorine, 132
iodine, 132
New Guinea, 132
strontium, 82
trace elements, 137
vanadium, 103
dental fluorosis, Indians, 122
dentine, vanadium, 103
depression, magnesium deficiency, 20
dermatitis, nickel, 49
diabetes, Indians, 2, 121
diarrhea, magnesium deficiency, 21
vanadium, 105
diastole, 23
diatoms, cell division, 61
silicon, 55
diatomaceous earth, 66
diatomaceous ooze, silicon, 55
dibutyltin maleate, 90
Dichoma macrocephala, 46
digitalis, relation to diuretics, 22
sensitivity, 112
1,25-dihydroxycholecalciferol, mag-
nesium, 112
strontium, 84
3 4-dihydroxyphenylanine, manganese,
35
L-3,4-dihydroxyphenylalanine, man-
ganese, 32
disease, cause and effect, 139
environmental factors, 139
Indians, 120
Indians and non-Indians (table), 121
diuresis, sulfate, rats, 17
diuretics, ammonium chloride, 22
benzothiadizine, 22
magnesium, 11, 22
mercury, 22
dogs, magnesium excretion, 16, 17
manganese intoxication, 33
renal lesions, 64
dogwood trees, beryllium, 8
L-dopa, manganese deficiency, 32
manganese poisoning, 35
Parkinson's disease, 35

dopamine, manganese, 32, 34
Douglas fir, beryllium, 9

vanadium, 101
Drosophila spp., lead monitoring, 127
Duggan, Muriel Y., v, ix
duodenum, calcium and strontium (ta-

ble), 84

strontium, 83

strontium—calcium metabolism, 80
dwarfism, zinc, 113
dysplasia, Indians, 122
dystonia, manganese poisoning, 35

eggs, nickel, 48
silicon, 64
strontium, 84
electrocardiographs, magnesium, 21
electrocardiograms, nonindustrialized
people, 133
soil, 137
electromyographic changes, magnesium,
20

electron paramagnetic resonance, mag-
nesium, 15
Ems River, manganese sediments, 29
emphysema, silicon, 66
endocrine disturbance, magnesium, 11
England, cardiovascular disease, water,
133
strontium soils, 75
Englemann spruce, beryllium, 9
enolase, mammals, magnesium, 14
Michaelis constant, 14
yeast, magnesium, 14
enthalpy, strontium-calcium discrimina-
tion, 80
Environmental Health Center, 129
enzymes, lithium and potassium, 114
succinate activating, magnesium, 14
epiphyseal plate, vanadium, 103
epithelium, tubular, hypertrophy, 64
Egquisetum, silicon, 58, 60, 61
Eriogonum inflatum, 104
erythrocyte, magnesium, 21
Escherichia coli, ribosomes, 14
estrus cycles, manganese, 31
ethylenediaminetetraacetic acid, 41
vanadium extraction, 97
exercise, magnesium deficiency, 22
eyes, silicon—calcium relations, 64

fasting, magnesium relations, 20
fats, magnesium, 12, 16
magnesium-phosphorous interac-
tions, 112
fauna, esophageal cancer, 137
feces, magnesium, 21
manganese, 32
nickel, 48
silicon, 56, 62
strontium, 82
tin, 90
vanadium, 104

feldspar, 66
fertilizers, fluorine, 112
nickel, 47
phosphate, 118
sulphur, 112
vanadium, 98
fetus, resorption, manganese, 32
sensitivity, 124
silicon, 64
strontium—calcium ratio, 79
vanadium, 103
fibroblasts, magnesium, 16
fibrosis, 67
Finland, soil, 75, 88
fire clay, 66
fish, magnesium excretion, 17
methylmercury, 114
selenium, 114
strontium, 81; (table), 83
vanadium, 104
fistulas, magnesium deficiency, 21
flax, vanadium, 101
Fleischer, Michael, v
floodplains, mortality risk, 127
Florida, strontium soils, 75
vanadium, soil, 96
fluorine, 113
calcium-aluminum reaction, 112
calcium-phosphorus reaction, 113
dental caries, 132, 137
goiter, 132
plants, 117
teeth, 113
water, 117
fluorine enzyme, magnesium, 14
fluorosis, 122
fluorokinase, magnesium, 15
fluorophosphate, magnesium, 15
food, asbestos contamination, 68
tin, 90
trace elements, 133, 137
food analogues, 2
food chain, nickel, 44
foraminifera, strontium, 74
forage, cobalt, 117
lignin content (table), 62
magnesium, 19
siliceous calculi, 63
silicon, 61, 62, 64; (table), 61, 62
vanadium, 100; (table), 103
forbs, magnesium, 11
fruit, magnesium, 16
manganese deficiency, 31
nickel (table), 45
vanadium (table), 103
fruit fly, lead monitoring, 127
fuel oil, nickel (table), 42
Fulkerson, William, 149
fungicides, organotin, 90
nickel, 47
tin, 90
fungus, vanadium, 102
fungus diseases, role of silicon, 61

G-actin, strontium—calcium ratio, 80
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Galke, June R., v, 150

gall bladder, strontium—calcium, 80

gall stones, Indians, 121

gamierite, 42

gasoline, manganese for lead, 36

gastric secretory disease, Indians, 120

gastrointestinal disease, magnesium, 21

gastrointestinal tract, vanadium, 104

Gentiana corymbifera, 46

geochemical environment and man, 2,
169

geochemical maps, data compatibility,
139

stability, 127
geochemical survey, Missouri, 127
geochemistry, beryllium, 7

data bank, 145

gout, 132

magnesium, 11

manganese, 29

nickel, 40

silicon, 54

strontium, 73; (illus.), 74

tin, 88

vanadium, 93
geography, silicon in plants, 58
geology, coal dust disease, 66
geophagia, clay, 113

iron, 113
gibbons, manganese intoxication, 34
Giletti, Bruno V., v
glial elements, manganese, 34
globus pallidus, manganese, 33
glomerulonephritis, magnesium defi-

ciency, 22

glomerulus, magnesium, 16, 17

phytoliths, 63
Gluskoter, Harold J., v
alpha glycerophosphate, nickel, 50
glycosides, cardiac, magnesium, 22
goats, grass tetany, 19

magnesium, 18

soil, 137
goethite, silicon sorption, 57
goiter, fluorine, 132

iodine, 132
gold vein, vanadium, 95
gout, geochemistry, 132
grains, strontium, 79

tin, 90
granite, Missouri, trace elements, 129
granule cells, manganese, 33
granulomatosis, pulmonary, beryllium, 9
grass, magnesium, 11

nickel, 47

phytoliths, 63

siliceous calculi, 63

silicon, 58, 60, 61, 63

strontium, 79

trace elements, 129
*‘grass staggers,” cattle, 19
grass tetany, 19

Argentina, 19

ewes, 19

potassium and sodium, 19

ruminants, 19
green algae, strontium tolerance, 78
Griffitts, Wallace R., 88, 149
Gross, P., 68
Groth, David H., 149
groundwater, see also water
strontium, 73, 75
manganese, 30
nickel, 41
trace elements, 129
guinea pigs, manganese, 32
strontium, 82
guluronic acid, strontium-calcium ratio,
80

hair, nickel, 48, 49
trace elements, 133, 137
hallucinations, magnesium deficiency, 20
manganese mining, 35
Hardeum leporinum, 19
Harriss, Robert, ix
Haskin, Larry A., v, ix
hausmannite, 29
health, beryllium, 9
manganese excess, 35
nickel, 49
silicon, 65
heart, ailments, 125
ischemic, 132
nickel, 49
silicon, 64, 65
water, 133
heather, vanadium, 101
heavy metals, biological monitoring, 127
Hebe odora, 46
hematocrits, nickel, 50
hemorrhage, focal subscapular, 64
hemosiderin, asbestos, 68
Hemphill, Delbert D., 149
hepatocytes, nickel, 50
herbivores, silicon, 62
hernia, 125
hexosamine levels, vanadium, 103
hexuronic acid, 32
hickory trees, beryllium, 8
Hill reaction, manganese deficiency, 31
Hinesly, Thomas D., 149
hips, dislocated, 125
histidine, manganese, 30
Hodgkins disease, Indians, 122
hollandite, 29
homeostasis, calcium and magnesium,
18, 20
manganese, 34
potassium and calcium, 112
Hopi Indians, bronchial asthma, 122
Hopkins, Leon L., Jr., 149
Hopps, Howard C., v, 149
horses, magnesium deficiency, 19
transit tetany, 19
horsetail, silicon uptake, 60
Horvath, Donald J., v, 149
human death, see mortality
humans, birth defects, 124
geochemical environment, 109

Index 155

interactions of trace elements, 112

nickel, 48

silicon, 61, 65

strontium, 79

strontium—calcium diet, 80

tin, 90

vanadium, 102
Hurley, Lucille S., v
hyaluronic acid, silicon, 64
hydrocarbons, aromatic, nickel, 50
hydrochlorothiazide, 22
hydronephrosis, magnesium deficiency,

2

25-hydroxycholecalciferal, strontium, 84
Hylobates lar, 34
hypercalcemia, rats, 18
hypercholesterolemia, Indians, 122
hyperexcitability, neuromuscular, 22
hypermagnesemia, 11
magnesium deficiency, 22
magnesium excess, 22
rats, 18
hypertension, cadmium-zinc ratio, 113
Indians, 122
pulmonary, 66
water, 134; (graph), 135
hypertrophy, tubular epithelium, 64
hypocalcemia, magnesium deficiency, 20
hypokalemia, magnesium, 112
hypokinesia, manganese poisoning, 35
L-dopa, 35
hypomagnesemia, magnesium, 20, 21, 22
ruminants, 19
hypophosphatemia, rats, 18
hypothalamus, manganese, 34

igneous rocks, beryllium, 7
ilmenite, 94
incoordination, manganese deficiency,
32
Indians, diseases, 120; (table), 121
infarction, myocardial, 49, 121, 122
water, 134; (graph), 135
World Health Organization, 133
International Agency for Research on
Cancer, 137
International Atomic Energy Agency, 3.
132
International Nickel Company, 49
intestinal malabsorption syndrome, 112
magnesium, 11
zing, 113
intestines, iron, 113
magnesium, 16, 21
Institutional Total Diet Sampling Net-
work, 81
calcium-strontium ratio (map), 81
invertebrate shells, strontium, 74
iodine, dental caries, 132
goiter, 132
humans, 113
interaction with lead, 113
plants, 117
soil, 117
ion transport, magnesium, 14
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Iran, dwarfism, zinc, 113
esophageal cancer, 132; (map), 136
soil (map), 136
iron, chlorotic leaves, 112
humans, 113
interaction with nickel, 112
plant uptake, 117
relation to nickel in plants, 45
relation to silicon, 61
soil uptake, 116
iron hydroxide, 30
silicon effects, 57
iron metabolism, nickel inhibition, 41
manganese influence, 33, 41
molybdenum, 113
iron ore, vanadium content, 95
iron oxide, silicon sorption, 57
irradiation, abdominal, magnesium, 21
ischemic heart disease, 132
death rate (table), 133
nickel, 49

jack beans, nickel, 45
Jackson, M. G., 60
Jenne, Everett A., 149
Jones, B. F., 30
juniper, vanadium, 101

Kansas, vanadium soil, 96
kaolinite, 66
Keller, Walter D., 66
Kelly, C. W., 42
keratin sulfate, 64
kidney, see also renal
aging, silicon, 65
magnesium clearance, 17
nickel, 49
strontium, 79
strontium—calcium discrimination, 79
tin excretion, 90
kidney diseases, magnesium deficiency,
22

kidney enzymes, strontium, 84
kidney stones, 63

magnesium therapy, 22
kinase (creatine), magnesium, 15
kinase (fluoro), magnesium, 15
kinase (pyruvate), magnesium, 15
Kmet, J., 132
Kubota, Joe, v, 149
Kurland, Leonard T., v

lactation, grass tetany, 19
magnesium, 11, 22
strontium—calcium metabolism, 80

lactose, strontium-calcium absorption,

80

ladino clover, beryllium, 9

Laennec’s cirrhosis, Indians, 121

LaFleur, Philip, 149

Lambert conformal projection (map),

141

lambs, iron-manganese relations, 33
magnesium, 18, 33
manganese influence, 33

silicon, 65
land grant universities, 147
land reclamation, soil imbalance, 118
laterite, nickel ore, 43
lead, deer leg bones, 127
dental caries, 137
gasoline, manganese replacement, 36
humans, 113
interaction with iodine, 113
peat, 116
plants, 117
sewage sludge, 117
soil, 117
legumes, magnesium, 16
nickel, 48
silicon, 58, 65
strontium tolerance, 78
vanadium, 101
lens tissue, nickel, 48
Lepidium montanum, 104
Leptospermum scoparium, 46
lettuce, beryllium, 9
vanadium, 101
leukemia, Indians, 122
leukopenia, 113
Levander, Orville A., ix, 149
lichens, tin, 89
ligaments, fluorine, 113
lignin, forage (table), 62
silicon, 61, 62
Lindsay, Willard L., 149
lipid, blood, vanadium, 103, 104
membranes, 67
polyanionic, magnesium, 14
lithiophorite, 29
lithium, dental caries, 137
humans, 113
interaction with potassium and
sodium, 114
soil, 117
liver, disease, magnesium, 112
manganese metabolism, 34
nickel, 49, 50
phytoliths, 63
silicon, 64
strontium metabolism, 84
vanadium, 103, 104
lizardite, 42
lodgepole pine, beryllium, 9
Lolium peranne, 19, 47
loess, esophageal cancer, 137
trace elements, 129
Ludwigson, John O., v, ix, 150
lungs, nickel, 49
phytoliths, 63
silicon, 64, 66
Luth, William C., v
lymph nodes, asbestos, 68
phytoliths, 63
lysine, strontium-calcium absorption, 80
lysosome, 66

Macaca mulatta, manganese, 33
magnesium, 11
absorption, 16

adenosine monophosphate, 12
adenosine triphosphatases, 14
amino acid adenylates, 12
aminoacyl t-RNA synthetase, 12
animals, 18
excretion, 17

analytical methods, 12
biochemistry, 12
bone, 18
bovine heart mitochondria, 14
calcium homeostasis, 18
chlorophyil, 11
chloroplast coupling factor, 14
coenzyme synthesis, 12
conservation and excretion, 16
dental caries, 137
diuretics, 11
dog excretion, 16
endocrine disturbance, 11
erythrocytes, 21
fat synthesis, 12
feces, 21
fluorine enzyme, 14
forage, 19
forbs, 11
geochemistry, 11
glomeruli, filtration, 16, 17
grass, 11
homeostasis, 20
humans and animals, 16
interaction with calcium, 112
interaction with phosphorus, 112
interaction with potassium, 112
intestinal intake, 21
intestinal malabsorption, 11
ion transport, 14
kidney, 17
lactation, 11
membrane transport, 12
metabolic studies, 17
mitochondrial oxidative phosphoryla-

tion, 14
muscle contraction, 14
nerve impulse generation, 12
nuclear magnetic resonance tests, 15
nucleic acid synthesis, 12
nucleophilic attack, 12
orthophosphatase, 14
oxidative phosphorylation, 12
peptidyl t-rRNA chain, 12
photophosphorylation, 14
photosynthesis, 14
plants, 11
protein—calorie malnutrition, 11
protein synthesis, 14
protein synthetase, 12
pyrophosphatase, 14
radioactive tracers, 16, 17
relation to surgery, 21
renal tubules, 17
research recommendations, 23
ribosome-messenger RNA, 12
rocks, 11
ruminants, 11
seawater, 11
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serum, 21, 22
alcoholism, 21
soils, 11
calcium relations, 41
solubility, 12
submitochondrial particles, 14
surficial material, U.S. (map), 13
sweat, 17, 22
urine, 16, 22
water, 11
weathering, 12
yeast, 14
magnesium deficiency, 20
alcoholics, 11, 21
alkalosis, 22
animals, 11
celiac disease, 21
clinical conditions, 20
diarrhea, 21
distribution, 11
diuretics, 22
fistulas, 21
exercise, 22
gastrointestinal diseases, 21
hyperexcitability, 22
hypomagnesemia, 21, 22
irradiation, 21
kidney disease, 22
lactation, 22
liver cirrhosis, 22
nasogastric suction, 21
neuromuscular irritability, 21
pancreatitis, 21
pigs, 32
protein—calorie malnutrition syn-
drome, 21
sprue, 21
steatorrhea, 21
urine, 21
vomiting, 21
magnesium excess, 22
magnesium medication, 22
magnesium sulfate, 21
magnesium supplementation, nutrition,
11
magnesium therapy, renal stones, 22
magnesium trisilicate, 63, 64, 65
magnetite, titanium-bearing, %4
malnutrition, protein-calorie, 112
mammals, enolase, yeast, 14
manganese requirements, 32
mammaries, manganese, 32
strontium, 79

strontium—calcium discrimination, 79

manganese, 29
animals, 31
ataxia, 33
bile excretion, 34
birds, 32
bones, 32
calves, 32
cerebellum, 33, 34
cerebral cortex, 34
chelation chemistry, 30
children, 34

cogwheel phenomenon, 33
dopamine, 34
feces, 32
geochemistry, 29
glial elements, 34
globus pallidus, 33
granule cells, 33
guinea pigs, 32
histidine, 30
homeostasis, 34
humans, 113
hypothalamus, 34
influence on iron metabolism, 33
lambs, interaction with iron, 33
mammal requirements, 32
metabolism, 34
liver, 34
mitochondria, 34
pancreas, 34
pituitary, 34
miners, 34
health, 35
neurological effects, 33, 34
obstinate progression, 34
paralysis, 33
plants, 31, 117
toxicity, 61
poisoning, 34
response to L-dopa, 35
symptoms, 35
porphyrin, 33
poultry, 32
Purkinje cells, 33
rabbits, interaction with iron, 33
rats, reactions with iron, 33
relation to silicon, 61
research recommendations, 36
rhesus monkeys, 33
rocks (table), 30
seawater, 30
serotonin, 34
sediments (table), 30
soils, 29, 116
nickel relations, 41
squirrel monkeys, 34
substantia nigra, 34
subthalamic nucleus, 34
swine, 32
iron metabolism influence, 33
thalamus, 34
tremors, 33
urine, 32

Wechsler Adult Intelligence Scale, 33
manganese cyclopentadienyltricarbonyl,

toxicity, 35

manganese deficiency, ataxia, 32

brain, 32

calves, 32

cattle, 32

chickens, 32

chloroplasts, 31

crops, 31

estrus cycles, 31

fetal resorption, 32

fruit trees, 31

Index 157

L-dopa, 32
liver arginase, 32
mammaries, 32
mice, 31, 32
osseous labyrinth, 32
ovaries, 32
photosynthesis, 31
plants, 31
rats, 32
saccular otoliths, 32
soybeans, 31
tomatoes, 44
utricular otoliths, 32
manganese excess, health effects, 35
lambs, 33
metabolic effects, 33
mice, 33
pigs, 33
rabbits, 33
manganese exposure, 35
manganese intoxication, animals, 33
athetoid extension, 34
chimpanzees, 34
dystonic posturing, 34
gibbons, 34
monkeys, 33, 34
manganic madness, manganese miners,
35
mannitol, rats, magnesium, 17
maple, vanadium, 101
maps, Albers conic equal-area projec-
tion, 141
Albers conic projection (illus.), 141
area symbols (illus.), 143
chioropleths, 139
geochemical, data compatibility, 139
indices distribution, 140
Iran, esophageal cancer, 136
soils, 136
isopleth, 140
Lambert conformal projection, 141
line symbols (illus.), 144
Missouri, birth defects, 125
mortality, 127
swine birth defects, 126
swine stillbirths, 126
New Guinea, calcium in water, 134
point symbols (illus.), 143
point type, 139
projections, 140
scales, 141
symbolism, 141
U.S., Spanish moss, vanadium, 100
strontium soils, 76
strontium in water, 176
strontium—calcium ratio, diet, 81
surficial material, magnesium, 13
vanadium ore, 95
vanadium soils, 97
U.S. Geological Survey scales (table),
142
value, in research, 139
specific considerations, 140
world nickel production, 43
Masironi, Roberto, 149
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Matrone, Gennard, iii, 33, 149
McKeague, Justin A., 149
meat, magnesium, 16
nickel, 48
vanadium, 104
melanin, manganese poisoning, 35
membrane transport, magnesium, 12
Mena, Ismael, 149
Mercator maps, value, 140
mercury, humans, 113
interaction with selenium, 114
plants, 117
Mertz, Walter, v, 3, 149
mesothelioma, asbestos, 68
metabolic alkalosis, magnesium, 20
metabolic studies, magnesium, 17
metabolism, manganese, 33
nickel, 48
strontium, 80
metabolism model, strontium (illus.), 83
metalloprotein complexes, magnesium,
14
metamorphic rocks, beryllium, 7
beta methyl aspartase, magnesium, 15
methyl manganese tricarbonyl, gasoline,
35
methylisobutyl ketone, 89
methylmercury, selenium relations, 114
mica, 66
mice, manganese deficiency, 31, 32
manganese excess, 33
nickel, 49
vanadium, 103
Michaelis constant, enolase, 14
microorganisms, trace elements, viii
Midwest Research Institute, 145
Mielichhoferia, 104
Miesch, Alfred T., 149
milk, nickel, 48, 50
silicon, 64
strontium, 79
strontium—calcium ratio, 79
vanadium, 104
Milne, David B., 89, 149
minerals, nickel-bearing, 40
miners, manganese, 34, 35
Missouri, birth defects, 124; (map), 125
disease studies, 124
geochemical survey, 127 .
groundwater, manganese, 30
mortality (map), 127
soil strontium, 75
tin, 88
swine, birth defects (map), 126; (ta-
ble), 127
stillbirths (map), 126
vanadium in water (table), 99
Missouri Department of Conservation,
127
Missouri State Division of Health, 126
Missouri study, 124
mitochondria, bovine heart, magnesium,
14
chickens, manganese, 32
manganese metabolism, 34

nickel, 50
strontium—calcium discrimination, 80
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Myosotis monroi, 46
Mpyrsine divaricata, 46
Mytilus edulis, 74

nasogastric suction, magnesium, 21
National Academy of Engineering,
Coungcil, ii
National Academy of Science, Council,
ii
Panel on Aging and the Geochemical
Environment, 114
Panel on the Geochemical Environ-
ment and Urolithiasis, 114
Panel on the Geochemistry of Water in
Relation to Cardiovascular Dis-
ease, 114
Panel on the Trace Element
Geochemistry of Coal Resources
Development Related to Health,
114
Subcommittee on the Geochemical
Environment in Relation to
Health and Disease, v, vii, ix, 145
National Air Surveillance Network, 146
National Bureau of Standards, 145
magnesium standards, 23
National Cancer Institute, ix
National Environmental Specimen Index
System, 2, 3, 109, 145, 146, 148

conclusions, 147
objectives, 146
operating procedures, 146
sampling procedures, 147
steering committee, 146, 147
National Institute of Medicine, ii
National Research Council, Advisory
Center on Toxicology, ix
Committee on Medical and Biological
Effects of Environmental Pollu-
tants, ix
Environmental Studies Board, ix
Food and Nutrition Board, ix
Governing Board, ii
Report Review Committee, ii, ix
U.S. National Committee for
Geochemistry, ix
membership, v
National Science Foundation, 145, 147
Division of Environmental Systems
and Resources of Research Appli-
cations, ix
RANN program, vii
National Tissue Specimen Bank, 146
nausea, magnesium, 20
Navajo Indians, bronchial asthma, 122
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fluorosis, 122
paralysis, manganese intoxication, 33
respiratory, magnesium, 23
parathyroid gland, 112
strontium, 80
parathyroid hormone, magnesium, 17,
18, 112
parenchymal tissue, magnesium, 22
Parkinson's disease, L-dopa, 35
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pigmentation, fluorine, 65
silicon, 64
tin, 65
vanadium, 65
pigs, see also swine
aging, silicon, 65
iron-manganese relations, 33
manganese metabolism, 32, 33
Pikes Peak batholith, beryllium, 8
Pima Indians, diseases, 2, 120; (table),
121
obesity, 122
Pimelea suteri, 46
pimelite, 42
pine, trace elements, 129
vanadium, 101
Pinus ponderosa, 101
pituitary, manganese metabolism, 34
placenta, strontium-calcium discrimina-
tion, 79
plants, beryllium, 8
toxicity, 9
magnesium, 11
manganese, 31
metal uptake, 116
nickel accumulation, 44, 47; (table), 46
tolerance, 47
translocation, 45
silicon, 54, 56, 58, 60; (table), 59
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